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Abstract
Abstract
A novel idea is investigated for radio frequency identification (RFID) and tagging, 
based on a radio frequency analogy of the ubiquitous optical barcode. The proposed 
method, referred to as an RF barcode, is based upon microwave resonators of 
different frequencies and requires no integrated circuits.
RF barcodes, like optical barcodes, are passive devices requiring neither 
batteries nor reader power. These low cost components can potentially be “printed” 
on the tagged items or the packaging using metal-loaded ink. Each tag consists of 
parallel strips of microstrip half wavelength dipoles with varying widths as well 
varying lengths, each with a specific resonant frequency. A collection of these 
resonant dipoles forms a multi-bit tag with a specific binary code. With n different 
resonant RF barcodes, 2 -^1 different items can be tagged and identified.
Like optical barcodes, RF barcodes are disposable and read-only devices 
since the barcode reader cannot alter the information they contain, hence no read- 
write capability as is found with chip-based RFID devices. This is often referred to as 
a write-once, read-many (WORM) tag type.
It is shown that RF barcodes have longer read range compared to optical 
barcodes; a range of up to 10m is achievable using allowable transmit levels in the 
license-exempt Industrial Scientific and Medical (ISM) frequency bands. It is shown 
for the first time that a useable number of bits can be achieved by operating withii^ 
multiple bands. Prototype tags are demonstrated in the 2.4 GHz and 5-6 GHz 
frequency bands. Techniques are presented for accurately estimating barcode centre 
frequency, quality factor and bandwidth in order to maximise the number of 
information bits in the tag.
Abstract
A number of RF barcode reader design strategies are presented based on 
monostatic and bistatic detection methods. Both of these methods can potentially 
employ pulsed or continuous-sweep excitation. The advantages and disadvantages 
of each excitation technique are discussed in detail and results presented based on 
bistatic continuous frequency-sweep excitation.
Key words: active tags, antenna monostatic backscatter, bistatic forwardscattering, 
frequency selective surfaces, ISM, load modulation, microstrip antennas, passive 
tags, radar cross section, reflectance measurement, transponders transmittance 
measurement.
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Chapter 1: Introduction
Chapter 1
1 RF Identification and Tagging
1.1 Introduction
Radio frequency identification is by no means a new idea - transponders have been 
used on aircrafts since World War Two as means of identification in radar systems. 
These are also sometimes known as IFF systems (Identify Friend or Foe). In such 
systems, onboard transponders are interrogated from the ground or the air in order to 
establish the identity of the aircraft. These are relatively expensive systems fitted on 
aircrafts which, in order to suit the environment in which they operate in and serve 
the purpose they are designed for, are subjected to rigorous type approval and 
environmental specifications.
In the commercial world on the other hand, RF Identification and tagging is often 
achieved using smaller size transponders or tags, which are low cost, sometimes 
disposable and often manufactured in large volumes using integrated circuit 
technology. The development of miniature integrated circuit transponders has 
advanced so much that it is now technically feasible (if not always economically so) 
to replace the ubiquitous optical bar code with an RFID transponder - making it 
possible to scan a supermarket trolley full of goods automatically as one passes the 
checkout. This technology along with Smart Card technology can potentially provide 
a whole new range of possibilities for automation in manufacturing, retailing, 
transport and security. These new applications are set to have a profound effect on 
our everyday lives.
1
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RFID tags come in many shapes and sizes, and use different technical principles to 
serve in a chosen application. Broadly the technology consists of two units; a reader, 
which interrogates the tag in the field. The tag, also known as the transponder or the 
transceiver, can sometimes have both read and write capability.
In this chapter various aspects of radio frequency identification and tagging are 
introduced. In addition to some basic definitions, also discussed are the constituent 
parts of RFID systems, namely the reader and the tag or the transponder, the power 
supply requirements of the transponder, the organisations and standards, which 
regulate the frequency use. Finally, a brief review is presented of present and 
potential future uses of RFID and some practical applications.
Like RF barcodes, some tags require no DC power supply; these include single bit 
and multi-bit passive tags. Single bit tags carry one bit of information, namely the 
presence or the absence of the tagged item in the detection zone such as inductive 
and microwave Electronic Article Surveillance (EAS) tags and Electromagnetic Tags. 
These low cost anti-theft tags are used in shops to protect merchandise against theft, 
whilst electromagnetic tags are used in lending libraries to protect books against 
theft. Multi-bit passive tags such as the Surface Acoustic Wave (SAW) reflector tags 
are also presented.
The other class of tags that are discussed are reader-powered tags, which also 
include single and multi bit tags working on the load modulation principal. These are 
medium range inductive tags with read range of about 1m, and represent very widely 
used tags and are where the most development is taking place. Finally, longer-range 
battery powered tags are discussed. These are electromagnetic tags with a potential 
read range of >1m and work on the principal of backscatter. These tags are designed 
to operate in license-exempt ISM bands of 2.4-2.4835 GHz, 5-6 GHz and 24 GHz.
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1.2 Data storage
The unit in the field is essentially a data carrier, i.e. a piece of remote memory, which 
holds bits of information about the item it is attached to or associated with, such as 
manufacturer’s ID, product ID, country of origin, expiry date...etc. The stored 
information can be volatile or non-volatile and can be accessible, remotely or through 
contact, by the reader. SIM cards in mobile phones are an example of contact type 
tags where data read and/or write functions are performed through physical contact 
between the terminals of the reader and the tag. On the other hand, contactless tags 
are wireless devices and are sometimes classified according to range: short range 
(<1cmj, medium range (<1m) and long range (<10m).
1.3 Power supply requirements
Broadly speaking, RFID tags can be classified depending on whether or not they 
require DC power supply for operation. In contact-type tags, DC power is supplied to 
the chip through metallic contacts. With contactless tags however, where remote 
transmission and reception of data takes place, DC power can be provided to the tag 
from a battery. Where the use of a battery is not possible or desirable, due to 
reasons of cost, size, lifetime limitations or safety, the reader, using alternating 
magnetic field, electric field or electromagnetic field, can power up the tag in the field. 
On the tag, inductive or antenna coupling can be potentially employed where the 
applied field is sensed, rectified and smoothed, often using half-wave diode rectifier 
circuits. Reliance on the reader to power up the tag in the field can be either total, or 
partial to complement the battery. DC power consumption is the major factor 
determining the size of data storage, speed of information transfer, Tx/Rx range, cost 
and size of the tag. Presently, tags are classified as active, which require a battery, 
or passive, which rely entirely on the reader for energy. This classification however, 
leaves some important and widely-used tags unclassified, such as anti-theft tags
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used in shops and lending libraries, and of course the optical barcode. These tags do 
not require DC power, work on various principles and represent an important class of 
tags because of their low cost, small size and, sometimes, re-usability.
1.4 Passive and active RFID
Advances in reader-powered and battery-powered tags, are expected to be focused 
on improved DC power generation, from the alternating field supplied by the reader, 
better power consumption efficiency and increased data storage capability [1-10]. 
This is in addition to advances in microelectronic devices such as Schottkey diodes 
(for rectifying AC current from alternating fields) and Integrated Circuit (1C) chip 
design, already of keen interest elsewhere in electronics and communications. Some 
of the ICs are based on proprietary standards, while others are based on the newly 
emerging international ISO-15693 and future ISO-18000 standards for reader-tag 
data exchange formats [8, 9]. Based on this view of the future, it is appropriate to 
introduce new definitions of tags based on the power supply requirements. As a 
result, tags can be classified into;
• Passive tags, which require no power supply.
• Reader-powered, active tags.
• Battery-powered, active tags.
These new definitions are adopted in this thesis.
1.5 ISM bands for RFID
Licensing authorities, such as the European Telecommunications Standards Institute 
(ETSl) and the Federal Communications Commission (FCC) and those in Japan, are 
responsible for specifying allowable frequency bands and power levels for use by 
radio equipment including RFID devices. This is done through national and 
international standards in order to protect licensed radio users (such as broadcast
Chapter 1: Introduction
radio and TV, emergency services radio, mobile phones, military radio...etc.) against 
interference and disruption to their services. Since there are no specific frequency 
bands allocated for RFID use, these devices are usually designed to operate in 
bands internationally reserved for Industrial, Medical and Scientific purposes, known 
as ISM bands. In Table 1-1, common ISM frequencies for RFID use are given.
In Europe, ETSl document EN 300330 [11] forms the basis for European regulations 
for inductive radio systems such as inductively coupled RFID systems, where 
frequencies, field strengths and measurement procedures are specified. The 
maximum permissible power levels are specified as magnetic field strengths 
measured at 10m from the device. In Standards EN 300220-1 and EN 300220-2 [12], 
transmitter and receiver specifications are defined, respectively, for equipment 
operating in the frequency range 25-1000 MHz with a maximum conducted power 
level of 500mW in a 50-Ohm load. Finally, the European standard EN 300440 [13] 
defines the limits for RFID systems with backscatter transponders where the 
Effective Isotropic Radiated Power is limited to a maximum of 500mW. In the USA, 
radiation from intentional and non-intentional radiators are specified in FCC part 15 
document, which defines maximum permissible electric field strengths at given 
distances from the device under test, in the frequency range 9 kHz to 64 GHz.
1.6 RFID applications
The market for electronic tags is expanding rapidly [14], and smart products are 
increasingly finding uses in automatic entry and access tracking/control [15], 
electronic tickets, industrial automation, animal identification, airline safety, anti-theft 
devices for libraries, shops...etc. A number of these applications are listed in Table 
1-2, some are contact-based and others can operate remotely. Some of these 
applications are presented in more detail here:
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® Keyless entry and smart tickets
These represent a convenient means of access control into offices, hotels, exhibition 
centres, places of entertainment, clubs, parks, sporting events, ski resorts ...etc.
# Document identification and smart stamps’
Smart labels attached to documents help to authorise/prevent copying, 
restrict/automate the movement of the document around a building, check that the 
document (such as a driving licence) is genuine and even search for lost files in an 
office. The use of smart stamps can automate letter and parcel delivery.
® Animal identification
Skin-implantable RFID and ear tags have been widely used for livestock and meat
traceability, in addition to wildlife conservation and monitoring the movements of 
birds, animals, and even fish [16, 17, 18]. Tags can also be bought for pets, as a way 
of authenticating pedigree animals and simply as a permanent means of identifying a 
lost pet, or a form of ‘pet passport’, which is now compulsory in Europe [19], the so- 
called The Pets Travel Scheme (PETS).
Automatic tolling
Automatic tolls are rapidly being deployed throughout the world to ease congestion 
on the roads and to encourage the use of public transport [20]. In the UK, the 
DART® tag has been in use at the Dartford Crossing for many years.
® Offender tagging
With overcrowded prisons and high costs of confinement, there is widespread activity
in studying the technological and sociological aspects of offender tagging. In the UK, 
the Home Office [21, 22, 23] has conducted trials on a system where the offender - 
usually after being released on probation - wears a tag on his/her ankle or wrist. The 
reader in the home must periodically read the tag, to confirm whereabouts.
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Table 1-1: ISM bands for RFID use.
Frequency RFID applications Other uses
9-135 kHz/400 kHz 
(Not ISM band)
Inductive loop RFID Long range radio services marine, navigation, military
6.78 (±0.015) MHz ISM band in most countries
Short wave broadcast 
radio
13.56 (±0.7) MHz
ISM band 
Inductive loop RFID
Short wave broadcast 
radio
27.12 (±0.163) MHz
ISM band 
Inductive loop RFID
Partly shared with Citizen 
Band (OB) radio: 27.125 ± 
(0.08) MHz
40.68 (±0.02) MHz
ISM band 
No RFID devices
TV, PMR
433.42 (±0.79) MHz
Backscatter RFID, subject 
to interference from other 
users due to long-range 
LOS propagation, no 
multipath
Popular for keyless entry, 
intercom, alarms, 
telemetry, car central 
locking, and amateur radio 
(430-433 MHz)
869 (±1)MHz No commercial RFID services yet reported
Recently introduced by 
CEPT for short range 
services
915 MHz 
888-889 MHz 
902-928 MHz
These frequencies are only available in the USA as ISM 
frequencies. In Europe and most of the world GSM 
operates at 876-815 MHz (uplink) and 921-960 MHz 
(downlink).
2.44175 (±0.04175) GHz 
Also known as ISM 2.45 
GHz
1-1 Dm Backscatter RFID. 
LOS propagation subject 
to multipath.
ISM uses: telemetry and 
LAN. Microwave ovens. 
Some amateur radio and 
radiolocation uses
5.8 (±0.075) GHz Backscatter RFID
ISM uses: movement 
detectors (doors openers, 
contactless toilet flushing), 
some amateur radio and 
radiolocation services.
24.125 (±0.125) GHz No commercially reported RFID systems.
Some amateur radio and 
radiolocation services
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# Other applications
There are many other applications for radio based identification and tagging where 
rémote reading is necessary and neither contact-based magnetic tagging nor line-of- 
siyht short-range optical barcode tagging is possible or desirable. These applications 
cover labelling of airline luggage, library items such as books and CDs, containers, 
frèight, pellets, merchandise, medical ID bracelets, weapon control, calibration data, 
counterfeit control, process control, clean room tags and others, as summarised in 
Tâble 1-2.
1 7 Passive and active transponders
The optical barcode is probably the most widespread of all passive tags. It consists of 
ah array of thin and thick lines and gaps, which reflect and absorb a laser beam from 
a scanner. It can store many bits of information represented by the lines and gaps. 
The read range is around 1cm. The lines can be printed on the packaging or on 
labels, which are stuck on the merchandise. The stored information is read-only and 
cannot be altered by writing to the tag. Barcodes are disposable, very cheap and 
perhaps have the ultimate size and weight, but they have very limited read range and 
are strictly line-of-sight devices. In this chapter, a number of passive and active 
transponders and their associated readers/interrogators are introduced, and a brief 
explanation is given on the principle of operation, along with the expected read 
râhge, which is also indicated.
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Table 1-2: Some applications of RFID systems.
Entry cards Travel passes
Ski passes Document ID/authentication
Electronic keys Animal ID
Sports timing Tolling
Contactless payment cards EAS
Vehicle security Smart postal stamps/parcels
Baggage handling Laundry
Libraries Stock control
Offender tagging Smart coins, tokens
Intelligent appliances Factory automation
Freight control Medical records
Healthcare/pharmaceutical Supply chain management
Post-natal ward security Asset tagging
Gaming Retail/logistics
Wildlife conservation Inventory control
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1.8 Passive transponders 
1.8.1 Electronic article surveillance
The simplest and most widespread forms of electronic tagging are the Electronic 
Article Surveillance (EAS) systems. These systems essentially carry a single bit of 
information, indicating the presence or absence of the tagged article in the detection 
zone or within the read range, setting off an alarm when theft is attempted. The tag 
can be a sticker, embedded metal strip, a magnetic strip, or a more bulky removable 
plastic-encapsulated device. At the point-of-sale, the tag is removed, then either 
temporarily deactivated and reused later, or permanently deactivated and disposed 
oh The technologies used for EAS applications are based on the following:
1.8.1.1 Inductive EAS tags
In this approach, the tag is an electrical resonator in the form of a parallel LC circuit, 
aë shown in Figure 1-1, printed on a label or assembled inside a plastic capsule. The 
résonant frequency of the LC circuit is equal to the frequency of the alternating 
rriagnetic field from the reader. When the tag enters the read zone of the reader, the 
résonant circuit draws energy from the surrounding field, which is detected as the 
presence of a current or voltage blip at the reader. According to the ETSI standard 
EN 300330 [11], the standard frequency for EAS applications is 7.4-8.8 MHz, and the 
permissible magnetic field strength is QdBpA/m. The detection range for these 
systems is between 1-2m. In later chapters it will shown that RF barcodes designed 
to operate in various unlicensed bands between 2.4-2.S GHz and 5-6 GHz also 
absorb RF energy at their resonant frequencies when irradiated by an incident plane 
waves.
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1.8.1.2 Microwave EAS transponders
Microwave EAS tags consist of an antenna and a diode as shown in Figure 1-2. The 
reader transmits microwave excitation signal within the frequency ranges 2.400- 
2.4835 GHz or 5.725-5.875 GHz (the fundamental). The permissible Effective 
Isotropic Radiated Power (EIRP) level for RFID use is 500mW. This is according to 
the ETSI standard EN 300440 [13]. The transmitted signal is received by the dipole 
antenna and re-radiated at the 2"  ^or 3*^  ^ harmonic, due to the non-linear operation of 
the diode. The efficiency of generating the required harmonics would depend on the 
diode characteristics. The reception of the harmonics by the reader triggers an alarm. 
In order to provide a better distinction between useful signals and unwanted 
interference and protect against false alarms, the fundamental frequency can be 
amplitude or frequency modulated, using Amplitude Shift Keying (ASK) or Frequency 
Shift Keying (FSK). The modulation is reproduced at the harmonic frequencies and 
detected in the reader. The detection range for these systems is between 1-2m.
1.8.1.3 Electromagnetic transponders
Electromagnetic tags find popular use in lending libraries. They contain soft magnetic 
material; the polarity of the magnetic material is periodically reversed using a strong 
alternating magnetic field with frequency between 10Hz and 20 kHz. At the zero 
crossings, the material exhibits nonlinearity, which is utilised to produce 
intermodulation products of the signals transmitted by the reader. With a switching 
signal and two further signals transmitted by the reader, in the above range, a 
number of 2"  ^order intermodulation products, with frequencies equal to the sums and 
differences of each frequency pair, will be generated due to the non-linear properties 
of the magnetic material. Detecting one or more of these intermodulation products by 
the reader indicates the presence of the tag in the field. The magnetic material is 
Coated by a second magnetic layer, which can be magnetised by a permanent
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magnet at the deactivation point. The detection range for these systems is between 
1-2m.
Inductor
Generator
Magnetic
Field
Reader
7.4-8.S MHz
Read range l-2m
Inductor
Capacitor
Tag
Figure 1-1: Inductive EAS reader and tag.
1.8.2 SAW reflector transponders
Passive tags reviewed so far only have a single bit information-carrying capability. 
SAW reflector tags, as shown in Figure 1-3, are at present, the only multi-bit passive 
tags. They require no DC power, consisting of only a half wave dipole, an electrical 
to acoustic converter and a piece of piezoelectric substrate (e.g. quartz. Lithium 
Niobate and Lithium Tantalate) with reflecting structures such as aluminium strips or 
etched grooves along the substrate [24].
A high frequency pulse applied to the antenna causes an acoustic signal to travel 
along the substrate material, which is partially reflected at each strip, giving a pulse 
train of multiple reflections spaced in time. These reflections are radiated at the 
antenna and picked by the reader. The number of reflected pulses corresponds to 
the number of reflecting structures and the relative arrival time of the pulses depends 
on the spacing between them. With reflectors, and the gaps between them, arranged 
in a way to represent bits of ones and zeros, between 16 and 32 bits can effectively 
be stored on the SAW devices, depending on the reader resolution in detecting the
12
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reflected pulses. The read range of SAW tag depends on the transmission power of 
the reader and is usually between 1-2m, which is a function of allowable transmit 
power levels in the frequency band used.
Received signal from 
Reader @ frequency F
Reader-tag read 
range l-2m
Non-linear
Device^ -----------------------------
Transmitted signal to 
reader @ Frequencies
F, 2F, 3F
Antenna
Figure 1-2: Microwave frequency multipiier passive tags for EAS use.
Transducer Reflectors
Incident pulse
Reflected
Pulses
Piezoelectric substrate, e.g. quartz or Lithium
Dipole
antenna
Figure 1-3: SAW reflector passive tag and the principle of reader-tag operation.
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i .9 Reader powered transponders
Fièader-powered active tags, like passive tags, can carry one or more bits of 
information. Unlike passive tags however, the tag data can be sometimes altered by 
thé reader, i.e. the tags can be re-programmable in the field. Alternatively, the tags 
are programmed only once when they are made, and read in the field as required, 
i.e. Write Once Read Many (WORM) tags.
It is important to emphasize that reader-powered active tags don’t necessarily have 
lôhger range than passive tags since the tag’s DC power is generated from energy 
supplied by the reader and as the reader-tag separation is increased, the induced 
voltage in the tag is reduced. These tags typically consist of a chip with an onboard 
read and write memory, a processing unit to perform modulation and demodulation 
functions, and some electronics to generate DC power from energy supplied by the 
réàder, in addition to a DC power management function. The interrogator powers up 
thé transponder in the field continuously, while data communications take place 
between interrogator to transponder (downlink) and back (uplink) in either full- or half­
duplex mode. Alternatively, the transponder is powered sequentially (with 50% power 
up cycle), with half-duplex data communications between the interrogator and the 
transponder.
Most reader-powered active tags are based on inductive (magnetic) coupling 
bétween the reader and tag for powering the tag as well as data transfer. All the 
power necessary for the tag’s operation is transferred from the reader as an 
alternating magnetic field. When the tag coil, illustrated in Figure 1-4, is in the vicinity 
of the magnetic field, AC current is induced in its windings, which is rectified and 
sHioothed and stored in a reservoir capacitor that powers up the rest of the tag 
circuitry. The transponder coil is often connected in parallel with a capacitor, in order 
to resonate it at the reader frequency. The rest of the transponder circuitry can 
consist of either discrete or integrated electronics (i.e. a chip).
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Rectifier diode
resonant circuit capacitor
ReservoirParallel
Figure 1-4:lnductively coupled reader-powered active tag.
1.9.1 DC power generation
The efficiency of DC power generation in reader powered inductively coupled active 
tags (shown in Figure 1-4), affects the read range and is a function of frequency of 
operation. The dependency on frequency of operation is a complicated function for a 
number of reasons. Firstly, the reactance of the sensing coil in the tag increases with 
frequency, but the losses of the LC resonant circuit also increase with frequency (i.e. 
the Q of the parallel circuit is reduced). Secondly, the attenuation of the magnetic 
field strength with distance changes from 60dB/decade in the near field to 
20dB/decade in the far field, and the transition point occurs at a distance of A/271 
(where A is the wavelength) from the radiating source [25]. Finally, the permissible 
magnetic field strengths in lower frequency bands (e.g. <135 kHz) are higher than 
that at higher frequencies such as 6.78 MHz, 13.56 MHz and 27.125 MHz. These are 
stipulated in standards EN300330 [11], which outline permissible magnetic field 
strengths and the measurement techniques for frequencies from 9 kHz to 30 MHz. 
For example, the permissible magnetic field strengths measured at the 10m- 
specification distance for a frequency of 125 kHz is 65dBpA/m, and 42dBpA/m for 
6.78 MHz, 13.56 MHz and 27.125 MHz. As an example, the allowed field strengths
15
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àtë estimated here at an arbitrary distance of 10cm away from the reader for the 
frequencies of 125 kHz and 27.125 MHz. The specified field strengths at 10m, i.e. 
6SdBpA/m and 42dBpA/m respectively, are increased by 20dB/decade in the 
direction towards the reader until a distance of XI2% from the reader, then by 
60dB/decade until 10cm away from the reader. For the 27.125 MHz band, the 112% 
. point is 1.76m away from the reader; while for the 125 kHz band it is 382m away 
from the reader, i.e. the lOm-specification distance is in the near field. The 
calculations should show that useable magnetic field strength at 10cm from the 
roader is about 185dBpA/m at 125 kHz and about 149dBpA/m at 27.125 MHz. Hence 
baaed on field strengths only, there is potentially higher induced voltage in the tag 
coil when using lower frequency, allowing longer read ranges. However, in addition to 
above, factors such as the clock frequency, water and non-metallic material 
absorption (e.g. in animal tags), the possibility of using ferrite coils...etc. all influence 
the induced voltage in the tag and consequently the read range, which is <1m in 
these tags [25]. In addition to the read range, the optimum choice of operating 
frequency is often influenced by cost, size, read speed ...etc.
1.9.2 Single bit inductive tags
These are simple read-only tags, which only indicate the presence of the tag in the 
read zone. Examples of these are;
1.9.2.1 Divide-by-n tags
Using a divide-by-2 circuit in the tag, the received signal frequency is divided by a 
factor of 2 and the subharmonic is retransmitted. Other subharmonic frequencies 
(e.g. divide-by-3 or divide-by-4) can also be used. The reader detects the 
subharmonic, indicating the presence of the tagged item in the read range of the 
interrogator. The frequency of operation is low enough to allow the use of simple
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digital counters. As with microwave ESA tags of Section 1.8.1.2, detection reliability 
can be improved using ASK or FSK.
1.9.2.2 Switched carrier load modulation
Switching a parallel short circuit or a resistor, in and out across it can vary the Q of 
the parallel LC tuned circuit, as shown in Figure 1-5, and results in a change in the 
energy coupled into the parallel resonance. This can be detected as a carrier signal 
with two sidebands at the switching frequency. For example, if the switching is 
carried out at 100 kHz across a parallel LC circuit tuned to 6.78 MHz alternating 
magnetic field from the reader, signal energy at m*6.78 MHz ± m l00 kHz (where m 
and n are integers) can be detected using bandpass filters followed by envelope 
detection. An obvious drawback of this is the large bandwidth required since m, n = 
1, 2, 3, 4...etc. In addition, the receiver circuit sensitivity and selectivity add further 
design challenges due to the low level of the sidebands and their narrow bandwidths.
1.9.2.3 Multi-bit inductive tags using load modulation
Rather than using load modulation by switching the carrier on and off at some speed 
as with switched carrier load modulation above, load modulation can be implemented 
using a sequence of bits which make up a codeword stored on a chip, as shown in 
Figure 1-5. The read process is realised as voltage or current fluctuations observed 
as ‘blips’ on the reader coil, which are used to determine the transmitted codeword 
from the tag to the reader. Examples of multi-bit inductive tags are shown in Figures 
1-6 and 1-7.
1.1 Qi Battery powered transponders
As was discussed in section 1.8.1, Long range RFID systems with read range of >1m 
cannot be implemented using inductive coupling due to the limits on magnetic field 
strengths and the attenuation characteristics of the propagating magnetic field.
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Above 25 MHz, European standards define the transmission levels in terms of EIRP 
[12, 13]. For example, the limit for RFID systems with baokscatter transponders in the 
popular ISM bands 2.4-2.4835 GHz and 5.725-5.875 GHz is 500mW (27dBm) EIRP
[13]. The baokscatter process is similar to load modulation discussed before in the 
sense that switching an inductor or a capacitor, in and out, across its terminals, 
changes the antenna characteristics, which results in energy being reflected back 
towards the reader. The switching is carried out according to the stored codeword.
With a typical line-of-sight free space attenuation of 20dB per decade for 
electromagnetic waves, long-range (1-10m) RFID systems using electromagnetic 
coupling are only feasible with transponders, which are partially or fully battery- 
powered. Electromagnetic energy is transferred from the reader to power up the tag, 
and data is transferred from tag to reader based on the principle of modulated 
baokscatter, as illustrated in Figure 1-8. The reader-supplied DC power in these tags 
is supplemented using batteries, which are relied upon when the tag is out of range 
or when the tag goes into stand-by mode. When within range, the reader 
electromagnetic energy is received by suitable antenna configurations, such as a 
dipole, rectified and smoothed to provide the DC supply to the chip. Switching a 
resistor in and out in shunt across the antenna, in Figure 1-5, according to a stored 
codeword on the chip, results in a modulated baokscatter from the antenna. This is 
received at the reader and demodulated. Some examples of 900 MHz and 2.4 GHz 
tags and readers are shown in Figure 1.9 and 1.10. Table 1-3 outlines some of the 
specifications for these tags and their readers.
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Rectifier diode
Parallel swUch
resonant circuit capaciior
Switch control 
001101001... for multi-bit tags 
Or
01010101...for switched carrier modulation 
Figure 1-5: Inductively coupled reader-powered tag with load modulation.
Figure 1-6: Copytag’s Smart Label (SL) transponders, a, b, c below, courtesy of 
Copytag Limited: www.copvtaq.com. (a) Microchip RFID tag MCRF45X for 
smart labels with antenna available from Copytag.
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(b) Microchip RFID tag MCRF533 with 154-bit memory.
(c) Packaged smart labels, antenna and chip on a thin polyester film, 
permanent adhesive on the back and an over laminating protective layer on 
top. The smart label inlets can be inserted under almost any self-adhesive 
label
Figure 1-7: Copytag’s 13.56 MHz RFID labels and printer. R-140 smart label 
printer and programmer can read, write and print labels carrying embedded 
ultra thin RFID transponders.
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RF Antenna
RFID Tag
Scanner 
or Reader
Host Computer
Figure 1-8: A typical antenna backscatter RFID system.
U519
Figure 1-9: InstaScan® RFID Reader and antennas. (Courtesy of SCS 
Corporation: www.scs-corp.com).
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DL-900
DL-400
DL-9000
Figure 1-10: Examples of 900 MHz and 2.4 GHz tags. (Courtesy of SCS 
Corporation: www.scs-corp.com). Dura-label® RFID tags by SCS are field- 
power active tags (i.e. no battery) consist of a suitable dipole antenna and a 
chip.
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Table 1-3: Summary specifications of InstaScan® RFID Readers.
Parameter U519 S512 S516 S556
Certification FCC Part 15, no license required
FOG Part 90
Site license 
required
interface RS-232, up to 57600bps
RF characteristics
ISM band
902-928 MHz
© +28dBm
Frequency 
hoping spread 
spectrum
ISM band
2.400-2.483 GHz © 28dBm 
(0.7W).
Frequency hoping spread 
Spectrum
ISM band
2.400-2.483 
GHz © 37dBm 
(5W)
Using fixed 
frequency
Read distance 
(cm)
213^ 45^ 5 f 152^
Write distance 
(cm)
60^ 10^ 12.7^ 55^
Average times 
(ms)
1 word (16 bits)
Read /  Write
3 /50 10/200 3 /50
 ^ measured using DL-9000 Dura-Label.  ^measured using DL-100 Dura-Label.  ^measured 
using DL-1000 Dura-Label.
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Chapter 2
2 RF Barcodes
2.1 Introduction
Some of the smart products and appliances described so far have information 
bearing electronics, which can be read and written to using transponders that operate 
at close proximity or remotely. Other tags carry simple and crude information to 
simply indicate that the tagged item is or is not in the read range of the 
reader/interrogator, as with anti-theft tags in shops and libraries. Commonly found 
tags can carry identification information regarding price, production date, fitting part 
ID, expiry date, country of origin...etc. stored on on-board semiconductor memory. 
The on-board memory is read and sometimes written to by the reader. Some of these 
tags are active because they are battery-powered or reader-powered. Other tags are 
completely passive, requiring neither a battery nor reader-supplied power. An 
example of passive tags is the ubiquitous optical barcode.
The barcode is the most common means of identifying and tagging merchandise in 
shops. It consists of an array of lines, of varying widths and gaps that reflect and 
absorb a laser beam from a scanner. When read by the scanner, the information 
carried in the barcode include price, expiry date, country of origin...etc. The stored 
information is read-only type and cannot be altered by writing to the tag by a 
programmer/reader. Nevertheless, optical barcodes are very cheap, disposable and 
perhaps have the ultimate size and weight. They however are strictly line-of-sight 
devices with a read range of about 1 cm.
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The proposed RF barcodes also are read-only tags, but with a potential read range of 
> 1m, depending on allowable transmission levels. The tag ID or the carried 
information is represented by the presence or absence of predetermined resonant 
frequencies of elements of an array of printed microstrip dipoles. Such RF barcodes 
will be disposable and are expected to be low cost since they can in principle be 
printed on, and/or produced using standard Printed Circuit Board (RGB) technology, 
or other emerging fabrication techniques. One such technique, the Conductive 
Lithographic Film (CLF) method [1], has the potential of being low cost. It employs 
standard lithographic printing of patterns of conductive films on flexible paper-like 
substrates using special metal loaded ink. The printing process is cheap and the 
resulting tracks are robust and withstand standard environmental tests.
2.2 Frequency of operation
As was reviewed in chapter 1, RFID products are limited to specific frequency bands 
by licensing authorities such as the European Telecommunications Standards 
Institute (ETSI) and the Federal Communications Commission (FCC). The devices 
are designed to operate in international Industrial Scientific and Medical (ISM) bands. 
The frequency bands 2.44175 GHz (±41.75 MHz) and 5.8 GHz (±75 MHz) are 
available in Europe and the USA for backscatter-based RFID transponders. Further, 
the band 5.250 GHz (±100 MHz) is available in the USA for wideband applications, 
the Unlicensed National Information Infrastructure (UNII) band. Other unlicensed 
frequencies are being considered in the 5.470-5.825 GHz bands.
The European standard EN 300440 [2] limits the Effective Isotropic Radiated Power 
(EIRP) to a maximum of 500mW for backscatter-based RFID transponders. The 
24.125 (± 0.125) GHz band is also available in Europe and the USA, however no 
commercial RFID use has been reported using this band. The RF barcodes, which 
were developed at the University of Surrey, are intended for the 2.4-2.835 GHz, 5.15-
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5.35 GHz and the 5.47-5.875 GHz bands. Calculations have shown that due to 
bandwidth limitations it is not feasible to design RF barcodes with sufficiently narrow 
bandwidths for the 24 GHz band.
2.3 Principle of operation
The proposed RFID system is essentially a radar system, which emits 
electromagnetic energy at a band of frequencies and listens to the return echo from 
the RF barcodes in the field. From the scattered return energy the interrogator will 
determine which resonant RF barcode elements are on the tagged item and the item 
identity. When an object is placed in the direction of the electromagnetic energy from 
a radar transmitter, energy is either dispersed or scattered by the object in different 
directions or absorbed. The degree of scattering or absorption is dependent on the 
size, shape and the make-up of the object, as well as the angle of arrival of the 
incident energy.
Two modes of detection are feasible, monostatic and bistatic. Monostatic scattering, 
also known as backscattering, is the echo characteristic of objects in the direction of 
the interrogator, i.e. the transmitter and the receiver are very near or indeed 
coincident. In bistatic radar however, the target is irradiated from one direction, and 
the reflected energy is monitored at another. The choice of the scatter detection 
technique largely determines whether continuous or pulsed operation is 
implemented, this is investigated in further detail in Chapter 5. Further, the pulse 
duration and transmitter-receiver separation are usually optimised in order to improve 
sensitivity and to maximise the Signal-to-Noise Ratio by reducing interference from 
unwanted signals such as from the Tx and due to echoes from unwanted reflectors. 
Despite the random nature of distribution of the scattered electromagnetic energy by 
the target, the concept of area can intuitively be regarded as a predominant factor, 
which determines the amount of reflection eventually detected at the receiver. In
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addition to area, the shape of the object is also clearly important. In antennas it is 
usual to refer to the “effective aperture” to describe the capturing capability of the 
antenna of the incident electromagnetic energy. This capture area is related to the 
Scatter Cross Section (SCS) or the Radar Cross Section (RCS) [3]. The RCS 
indicates the degree of scatter or re-radiation of electromagnetic energy by an object, 
and is measured in units of area (m )^. For example, a car and a jumbo jet airliner 
have an RCS of 20dBm^ whereas a bird and an insect have an RCS of -20dBm^ and 
-50dBm^ respectively [4]. If the target is an antenna, then the capture area of the 
antenna is the “effective aperture”, Aei
Where Gt is the antenna gain in the direction of scatter detection and X is the
wavelength. If all the captured energy is re-radiated by the antenna back in the
direction of the receiver, the RCS of the antenna is given by;
RCS = A f i , = ^ ^ ^  (2-2)
Att
The definition of RCS given by equation (2-2) assumes that the energy intercepted 
by the antenna is completely re-radiated without any losses. In reality, there are 
losses associated with every antenna, and only a fraction of the captured power is re­
transmitted, as a result of the various losses. These loses include conduction losses, 
mismatch losses at feed points, polarization mismatch losses, dielectric losses and 
surface wave losses, as is the case with printed microstrip dipole antennas intended 
for use as RF barcodes. Since these RF barcode antennas are reflecting objects in 
air with no feed points, mismatch losses are not relevant to this discussion, whereas 
ohmic losses, due to the finite resistivity of the copper, dielectric and surface wave 
losses are important. The radiation efficiency of the RF barcode antennas and the
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associated losses largely determine the Q of the resonance and the resulting 
bandwidth. These will be discussed in further detail later in this Chapter.
2.4 Reader-Tag link budget estimation
Using the principle of the radar equation, the total path loss from the reader to the 
target and back will now be estimated;
® If Pt is the transmitted power (Watts) by a reader antenna with gain Gr in the 
direction of the target, the transmit power density Ptd (W/m^) at tag r m away:
(2-3)
\A7ir ;
® The power coupled into the tag antenna is Ptg (W):
=(G, (2-4)
y
« The coupled power is partly absorbed by the load at the antenna terminals, 
partly re-radiated (i.e. scattered) due to the radiation losses of the antenna, 
and partly dissipated due to conduction losses, dielectric losses and surface 
wave losses. As will be shown later in this chapter, the choice of substrate 
parameters can be such that both dielectric and surface wave losses become 
negligible, and only Ohmic conduction losses exist. Conduction losses are a 
function of the skin depth, which are 1.9 um and 1.3 um at 2.4 GHz and 5 
GHz respectively. Therefore with copper track thickness of 30um, skin effect 
losses and conduction losses can also beignored.
® With a short or open circuit at the antenna terminals, total reflection takes 
place since there is no load.
® Hence, radiation losses are dominant and nearly all the coupled energy into 
the antenna is re-radiated back into the air in a process called back
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scattering. Total power re-radiated (Prr) by a tag with gain Gt (in the direction 
of reader) is given by:
(2-5)
From equation (2-2), substituting for the radar cross section RCS:
AtüC
^RCS (2-6)
The power density Pdrd (W/m^) at a reader antenna at r m away is:
(2-7)
® With a reader antenna of gain Gr in the direction of the tag, the total received 
power Pr (Watts) at the reader is given by:
1
AttC
* G *
,4 ; r .
(2-8)
Which can be re-written as:
P ,  =  (G,
4;rr'
G, * GI *
2
4;r / /
(2-9)
* G *
Table 2-1 shows the reader-tag-reader path loss for some frequencies of interest at a 
read range of 1m and reader antenna gain of 17dB and dipole RF barcode antenna 
theoretical gain of 2.1 dB. In chapter 3 the validity of equation (2-9) is tested using 
Matlab Method of Moments simulation of reflections of a dipole with open circuited 
arms.
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F^c 2441.75 5250 5550 5800 MHz
r 1 1 1 1 m
Gr 17 17 17 17 dB
Gt 2.1 2.1 2.1 2.1 dB
Pt 10 10 10 10 dBm
ROS tag -25 -31.7 -32.1 -32.5 dBnf
Pr/Pt -42.2 -55.5 -56.5 -57.2 dB
Table 2-1 : Reader-tag-reader transmit-receive losses. 
F^c = RF barcode resonance frequency.
2.5 Microstrip dipole antennas
Microstrip antennas are low profile radiating structures used in applications where 
size, weight and cost constraints apply. These planar and non-planar conformable 
antennas are inexpensive, due to modern PCB and other newly emerging 
technologies, mechanically robust and electrically versatile, in terms of their centre 
frequency, bandwidth and Q, polarization, radiation pattern and impedance.
Although high Q and narrow bandwidth are perceived as disadvantages of microstrip 
antennas, for this RFID application, these properties can be considered to be 
desirable features. Due to spectrum limitations for RFID use such as the proposed
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RF barcodes, attempts are made to further control the bandwidth to within 
predetermined limits in order to maximise the number of RF barcodes in a given ISM 
or UNII band. This allows for an increase in the total number of tag-able, therefore, 
identifiable items. Other disadvantages of microstrip antennas are their relative low 
power handling, low polarization purity and low radiation efficiency [4]. Radiation 
efficiency is the ratio of the space waves (i.e. radiated power) to total power. The 
latter also comprises Ohmic losses in the metalization, surface waves and dielectric 
wave losses.
Reduced substrate height results in narrower bandwidth [4] and reduction in surface 
waves, which take power away from the total available power for radiation. Surface 
waves also cause degradation in the radiation pattern and polarization because of 
unwanted scattering at edges and discontinuities.
Finally, lower substrate permittivity results in loosely bound waves in the substrate 
and increased surface waves, at the expense of larger physical antenna dimensions. 
These design parameters are quantitatively described next in order to determine the 
centre frequency of resonance for each patch antenna, the resonance bandwidth 
hence the element Q and the radiation efficiency.
2.5.1 Patch dipole design
Radiating microstrip elements can be designed to be square, rectangular, circular, 
elliptic, triangular, ring...etc. The rectangle and the thin rectangle (i.e. the dipole) are 
the most common patch antenna shapes due to their ease of analysis and 
production. They are linearly polarized, whereas circular, square and pentagonal 
shaped antennas can be used to generate circular polarization.
The patch antenna shape imposes varying degrees of complexity when it comes to 
design and analysis. There are different methods for analyzing microstrip antennas, 
such as the transmission line analysis, the cavity method and the full-wave Method of
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Moments analysis technique [4, 5]. Each method has advantages and disadvantages 
regarding computational complexity and prediction accuracy. In all methods however, 
a priori knowledge of the approximate antenna dimensions is required so that they 
are entered into the analysis programs. This priori knowledge is acquired either by 
experience or using simple closed form equations, which give a first order 
approximation to the dimensions of the patch antennas.
Initial and simple closed form equations do exist for rectangular and circular patch 
antennas, and result in better than ±2% accuracy in predicting the resonance 
frequency of the patch antenna. Given the desired resonant frequency, the 
approximate dimensions of the antennas are calculated using simple equations. 
These dimensions are then used in calculating the resonant frequencies with higher 
order of magnitude accuracy. Such a relatively simple approach is readily available 
for the rectangular and the circular patch antennas using the Transmission line 
method. Other antenna shapes such as the ring, part ring (i.e. ring sector), the disc 
sector ...etc. require the use of the more accurate and the computationally intensive 
full-wave method of moment analysis. The transmission line method is by far easier 
to use particularly when analyzing rectangular patches, providing physical insight to 
theoretical analysis, but it is perceived to be less accurate. It was nevertheless 
adopted in the design of RF barcodes with a theoretical level of prediction accuracy 
of the center frequency, to within ±0.2% accuracy. The transmission line method 
models the patch antenna as a piece of transmission line with characteristic 
impedance and propagation constant. For the dominant TM010 field configuration, the 
electric field varies along the radiating edge (the length), which is usually a half­
wavelength and is constant along the non-radiating edge (the width). Radiation takes 
place due to fringing fields at the open ends of the patch length. The length of the 
rectangular patch antenna determines the resonant frequency, whereas the width of 
the rectangular patch largely defines the bandwidth, radiation efficiency, the input
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resistance and the resistance at resonance. Larger width results in increased 
radiation efficiency, increased bandwidth, and a decrease in input resistance at 
resonance. Increased patch width however affects cross-polarization characteristics, 
creates grating sidelobes in antenna arrays as well as consuming real estate. Using 
transmission line analysis has led to the development of a set of closed form CAD 
equations for predicting the resonance frequencies, quality factor, bandwidth and 
radiation efficiency for RF barcodes. When compared with measured results, the 
achieved accuracies were comparable to and sometimes exceeded those given by 
some commercial packages. These transmission line based GAD techniques will be 
explored further in the following sections.
2.5.2 Dipole center frequency
The electric fields along the length and the width of a rectangular dipole are subject 
to fringing. Fringing is a function of the patch dimensions, the dielectric constant of 
the substrate and the substrate height. Field fringing is reduced as the (patch) length 
and width to (substrate) height ratios, (L/h) and (W/h) respectively, are increased. 
Stated differently, fringing is the result of finite patch dimensions. Further, the use of 
lower dielectric constant substrates (< 2.5) enhances the fringing fields, hence 
improving radiation from the patch antenna. Because the electric field lines are partly 
in the air and partly in the substrate, the concept of the effective dielectric constant
8re is used to account for fringing which makes the rectangular patch antenna appear
electrically wider and longer in comparison to its real physical dimensions. As a 
result, it can be stated that:
£r >  £re >  1
Where £r is the relative permittivity or the dielectric constant of the substrate material, 
and 8re is the effective dielectric constant. Qualitatively, with higher values of Gr, the
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value of Gre becomes closer to Gr. This also is the case at higher frequencies of 
operation when more of the electric field becomes concentrated in the substrate.
2.5.2.1 Hammerstad equations
A general equation to calculate the effective dielectric constant as a function of 
fringing fields on all edges is given as [5,6]:
£„(e) = ^  + ^ F ( e )  (2-10)
Where Gre (e) is the effective dielectric constant as a function of the fringing edge e.
The fringing edges are the length L, the width W, or both. F(e) is a function 
dependent on the dimension e and calculated as:
For e/h < 1 :
F(e) = [H-12(/î/e)]“‘“  + O M { \ - e ! h f  (2-11)
For e/h ^ 1 :
F{e) = \i + \2[hle)Y'^ (2-12)
The latter condition, i.e. e/h > 1, applies to rectangular patch antennas where W/h »  
1 and L/h »  1. Since the patch dipole is a special case of the rectangular patch, 
where the width of the dipole W «  L (usually for a microstrip dipole, W/L ~ 0.05), and 
L/h »  1, therefore width fringing becomes more significant than length fringing in
microstrip dipoles. The formula for Gre in equation (2-10) can be re-written as a 
function of width fringing only:
s„(e) = ^  + ^ [ \ -  + n h l-w Y '^  (2-13)
The value of Gre as calculated in equation (2-13) is accurate to within 1% for Sr ^  16
and 0.05 ^ W/h < 20 [7]. It is also accurate to within 0.2% for Gr > 16 and W/h < 0.05.
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Despite the dominance of width fringing, length fringing does also take place; 
therefore the electrical length of the rectangular patch is extended by AL at each end.
The length extension is a function of the effective dielectric constant £re (W), and the
width-to-height ratio (W/h), hence:
A L/ft = 0 , 4 1 2 M 2 ± M m ± ^
[{£„0V)-0.258}{W '//! + 0.8}]
Equation (2-14) is the Hammerstad formula (published in 1975 in the 5*^  European 
Microwave Conference) [8] for calculating length extension due to the effective
dielectric constant resulting from width fringing hence Sj-e (W), and not due to the
effective dielectric constant resulting from, the intuitively expected, length fringing Gre 
(L). The effective length Le of the rectangular patch is given as:
4 = L  + 2AL (2-15)
Where L is the physical length of the rectangular patch antenna, and L -  X /2 for the 
dominant TM010 mode (the 1®' order resonance along the length) with no fringing. 
Ignoring fringing, and to a zeroth-order approximation to the length of the rectangular 
patch (Lo) for the TM010 mode resonant frequency (FJ, is given by:
(2F J K ) " '
Where C is the speed of light in free space. This initial relationship between the 
resonant frequency and the length of the rectangular patch antenna as stated by 
equation (2-16) is strictly correct for large patch dimensions (i.e. where W/h »  1 and 
L/h »  1) when fringing can be ignored. However due to fringing, the effective 
dielectric constant is given by equation (2-13) and the resonant length to a 1®' order 
approximation Li, is given by:
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C_
(2F, )(£,,)'A  = (2-17)
The more accurate length of the rectangular patch L2 (to a 2"  ^order approximation) is 
found using:
Equation (2-18), the Hammerstad formula, appears in the literature with 6% and 8r, 
since Hammerstad does not make it clear in his paper. Using these formulas, the 
accuracy with which the resonant frequency of a rectangular patch antenna is 
predicted is within ±1.6%. Due to the relative simplicity of the above formulae, this 
level of prediction accuracy is considered adequate in most applications. It can even 
be regarded as one of the advantages of using these formulae, as part of the 
transmission line analysis method for microstrip antennas, despite the ambiguities 
when applying equations (2-12) and (2-18).
2.S.2.2 Higher accuracy estimation of Fr
There are circumstances however, when higher levels of accuracy are required when 
using the transmission line model. The design of the RF barcodes is one such 
application because of the limitations of available spectrum and the need to 
maximize the number of dipoles in the array for each ISM band.
As an example, consider the ISM band 2.4 GHz-2.4835 GHz, a dipole designed to be 
resonant at the centre frequency 2.44175 GHz, the Hammerstad formulae would 
result in a centre frequency accuracy of ±39 MHz. As a result, only a single dipole 
can be designed to occupy the entire 2.4 GHz ISM band, even before considering 
manufacturing and production tolerances. Similar problems arise when designing RF 
barcodes for the 5.250 GHz UNII and the 5.8 GHz ISM bands. In order to overcome
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this difficulty, techniques were investigated which would theoretically allow for 
predicting the centre frequency of resonance with higher accuracy, namely better 
than ±0 .2%, when compared with measured results.
This was achieved through calculating Ere and AL more accurately. The design
equations for computing the effective dielectric constant were borrowed from closed 
form equations used to design planar transmission lines. These closed form 
equations have the required accuracy, as described above, and lack the 
computational complexity of the numerical techniques. For a given dielectric 
constant, substrate height and patch width, the effective dielectric constant is 
calculated as [6]:
u
—a b
(2-19)
Where:
u = W l h (2-20)
And:
a = l +
v49y
Ln {u  ^+ ( .u/52f}  
{« ‘'+0.432)
+ Ln< 1 +
18.1
(2-21)
k  -0 .9)
k  + 0 3)
(2-22)
The calculation of the length extension (AL) of microstrip lines is borrowed from the 
empirical expression used to characterize open-end discontinuities in microstrip lines, 
which is derived by curve-fitting the numerical results based on hybrid mode full- 
wave analysis. The open-end reactance is expressed as an additional line length 
(AL) given by:
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AL = hI'e^e^Y
V ^4 y
(2-23)
Where;
= 0.434907 ( k ,  r ‘ + 0-26} T  {(tv / + 0.236}'
_ { k . r ‘ -0.189} 1_ I k //!)“■“ "  +0.87}
(2-24)
And:
^3=1 + 0.5274 arctanjo.084(W /  A)""""'': |
k J '
0.9236 (2-25)
Where:
^2 = 1  +
(2.358e,+l)
(2-26)
Also:
And:
«4 =l+{0.0377arctan(0.067W//i)}[6-5exp{0.036(l-eJ}] (2-27)
«5 = l-0 .218exp(-7 .5W //i) (2-28)
The expression for AL has an accuracy better than ± 0.2% for 0.01 < W/h < 100, and
8r<128.
2.5.3 Dipole bandwidth and quality factor
The quality factor of a patch antenna is determined in order to calculate the 
bandwidth and the radiation efficiency. The total quality factor Qt associated with the 
various antenna losses is given by [5]:
1 1 1 1 1  = —  + —  -f —  +
Q, Q , a  Qsr Q
(2-29)
sp
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Where Qd is the quality factor associated with the dielectric losses. Qc is the quality 
factor associated with conduction losses because of the finite conductivity of 
metalization. Qsp is the quality factor associated with space wave losses (i.e. the 
useful intended radiation from the antenna). Qsr is the quality factor associated with 
the surface wave losses set up in the substrate. The quality factor due to the 
dielectric losses in the substrate is given by;
0 , = - ^  (2-30)
tand
Where tan 5 is the dielectric loss tangent. The quality factor due to the conduction 
losses in metalization is given by:
Q ,=h{nF,ti^aY^  (2-31)
Where h is the substrate height, Fr the resonance frequency, po is the permeability of 
free space (0.47t x10 ® A/m) and o is the average conductivity of the patch and the 
ground plane. Due to surface roughness, the effective conductivity of copper patch 
antennas and the associated copper ground plane is taken to be 3.0 x 10  ^ mho/m, 
and not 5.8 x 10^ , which is the conductivity of the pure bulk copper.
Equation (2-30) shows that the dielectric losses are independent of the substrate 
height, and according to equation (2-31), conductor losses are inversely proportional 
to substrate height. Therefore, in order to design lower loss, higher quality factor and 
hence narrow bandwidth RF barcodes, using thicker substrate is necessary. 
However, the disadvantage of using thick substrates is the introduction of surface 
wave losses. The quality factor due to surface wave losses is given by:
Q sr  =  Qsp (2-32)
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Where Tir is the radiation efficiency assuming no dielectric losses (i.e. tan 5=0) and 
no conduction losses (i.e. a = °c). Radiation efficiency, in the presence of surface 
wave losses only, is given as:
sp (2-33)
Where Psp is power radiated as space waves in a dipole, and Psr is the power of 
surface waves in a dipole. The space wave power for a dipole is approximated using:
Psp -
y
(2-34)
Where Xo is the wavelength in free space, ko = 2n!Xo, Pr is the relative permeability of 
the substrate which equal to po for non-magnetic substrates, and q is a constant 
given by:
4 = 1 -
( 2) 1 1
+ —
U J Isj U y
(2-35)
The surface wave power for a dipole is approximated using:
P.. = 3 .. 36^ 7T JH^ 1—
V
(2-36)
Finally, the quality factor due to space wave losses is approximated by:
Q ,p  = &vP4y h (2-37)
Where We is the extended width due to fringing and given by:
We = W + 2AW (2-38)
Where AW is approximated using:
m  = h{Ln{A)ljt} (2-39)
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Also, p is a constant calculated using the following closed-form approximation:
p = 1 +
10
Equation (2-40)
Where a = -0.16605, b = 0.00761 and c = -0.0914153. Equation (2-37) is valid when 
the substrate thickness is small compared to the wavelength (Xo / h » 1 ). Finally, the 
fractional bandwidth is calculated as follows:
2.6 Summary
The principle of operation was discussed for the proposed RF barcodes and a read 
range equation was introduced for predicting reader-tag link budget estimation. The 
validity of the estimated link budget is tested in the next Chapter using Matlab 
simulation.
Design equations were also presented for predicting the resonance frequency of the 
RF barcodes using standard and higher levels of accuracy. Finally, design equations 
were introduced to calculate the quality factor and bandwidth for the RF barcodes in 
order to maximize the number of RF barcodes in a given allowable frequency band of 
operation.
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Chapter 3
Read Range Simulation Using Matlab
3.1 Introduction
In Chapter 2, equation 2-9 was developed to calculate the reader-tag-reader link 
budget. It was shown that the reader-tag-reader range was a function of the effective 
aperture and the Radar Cross Section of each RF barcode. In this chapter the validity 
of link budget in equation 2-9 will be investigated using Matlab simulation based on 
the Method of Moments. The code implementation of the particular simulation was 
not developed from first principles since Matlab modules exist commercially for 
analysing radiation and scattering functions for a number of basic antennas. Some of 
these modules were utilised and adapted to simulate the reader-tag-reader operation 
range as calculated in Chapter 2 and shown in Table 2-1 for RF barcodes in the 2.4 
GHz and 5-6 GHz bands.
Matlab is particularly convenient since, as well as being a standard and general 
simulation tool in science and engineering, it has the necessary tools to develop 
modules for analysing and calculating radiation and scattering for a variety of 
antennas. The other simulation tool, which could have been used at the time, since it 
has a special function to calculate the Radar Cross Section and probably test the 
validity of the link budget equation, was Ensemble by Ansoft. A free student version 
of Ensemble was available for this research work, but when tried, it was found to be 
of limited benefit due to its reduced functionality. The use of Matlab and the full-wave 
electromagnetic solution given by the Method of Moment simulation modules were
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particularly attractive, in addition to obvious savings in time and effort by not having 
to write the code.
In the second part of this chapter the design of a number of RF barcodes will be 
presented. These barcodes are in the 2.4 GHz and 5-6 GHz bands. An example of 
the 2.4 GHz band barcodes is shown in Figure 3-1. The substrate material used was
TLY-5 supplied by Taconics, with h = 0.53mm, Gr = 2.2 and tan 6 = 0.001.
Figure 3-1: RF barcodes consisting of resonant dipoles etched on a double- 
sided substrate. The dipoles are resonant in the 2.4 GHz band.
For a nominal length of each barcode in the bands of interest, the resonance 
frequency was finely determined by varying the width. The bandwidth of the dipoles 
also changes with the width variation. The equations for calculating the effective 
dielectric constant and the length extension were introduced in Chapter 2. These 
equations were used to determine the centre frequency of resonance, the quality 
factor and the bandwidth for each dipole. Using standard Hammerstad equations to 
calculate the effective dielectric constant, it will be shown that the resonance 
frequency for the RF barcodes are predicted to a theoretical accuracy of ±1.6% of 
measured results. With more accurate equations in Chapter 2, the theoretical 
accuracy of the calculated barcode resonance frequency was improved to within 
±0.2% of calculated results. These design equations were based on the transmission
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line method which give physical insight to the theoretical analysis used in the design 
process by modelling the patch antenna as a piece of transmission line.
A number of assumptions were made regarding the substrate and the dipoles. For 
example, the substrate material is assumed to be non-magnetic, i.e. the relative
permeability is j±r = 1- The substrate thickness h is taken to be about 1% of the
wavelength of the particular resonant dipole in air, i.e. h ~ 0.01 Xo. It is also assumed 
that the dipole patch antenna width about 5% of the resonant wavelength of the 
dipole in air. Given the physical parameters of the dipole and the substrate, a number 
of intermediate variables were computed, such as the effective dielectric constant as 
a function of fringing width, the length extension...etc., and finally the resonant 
frequency and the fractional bandwidth. These calculations were performed for the 
two levels of accuracy, compared with actual measurement results. The actual 
measured frequencies for each dipole are shown later and compared with these 
predicted values. The barcodes were produced using a simple photo-etching 
technique where the etching tolerances were unknown. The dimensions of each 
barcode were used to calculate the effective dielectric constant using the equations 
in chapter 2, and commercial transmission line calculator software supplied by ADS 
and Ansoft. These comparative results are presented in Chapter 4.
3.2 EM Tools for Antennas
Electromagnetic software tools are used to model wave propagation and radiation 
according to the Maxwell equations in arbitrary structures and geometries. Since 
closed form solutions to these equations do not exist for all structures and 
geometries, numerical methods are implemented on computers to provide 
increasingly accurate and fast solutions to Maxwell equations. Today, these 
computer programs represent powerful tools for the antenna and microwave and RF 
designer. The accuracy and speed of implementation varies depending on the
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antenna geometry and the nature of analysis. In this brief introduction four numerical 
techniques are discussed. These are the Method of Moments, the Finite Element 
Method, the Finite Difference Time-Domain method and the Transmission Line 
method. The Method of Moments implemented in Matlab will be used later in this 
chapter to simulate antenna transmission. The Finite Element method, implemented 
in Ansoft HFSS, will be used in chapters 5 to simulate the reader-barcode operation. 
Finally, the Transmission Line Method was used in Chapter 2 to develop accurate 
prediction of the resonance frequency of each RF barcode and its operational 
bandwidth. Generally speaking, the numerical formulations are based on dividing the 
antenna to two- or three-dimensional cells of rectangular, triangular or tetrahedral 
shapes for which fields and currents are calculated. The final solution is the 
superposition of the currents and fields in the cells. There are two numerical solutions 
to Maxwell’s equations; the integral method and the differential method. The integral 
method as the name suggests solves the integral equations of the fields and currents 
in the antenna structure. The Method of Moments is an example of the integral 
technique. On the other hand, differential techniques solve differential equations for 
the fields, with initial conditions and boundary conditions assigned to the fields inside 
the cell. Examples of the differential method are the Finite Element method, the Finite 
Difference Time-Domain and the Transmission-line method.
3.3 Integral methods
The Method of Moments is a popular frequency domain integral method, where a 
solution, worked out at a single frequency at a time, is repeated at discrete 
frequencies over the bandwidth of interest for each cell of the metallic surface. The 
process of dividing a two-dimensional surface into cells is called meshing. Using 
uniform meshing, i.e. cells with identical shape and size, reduces computational time 
since it allows iterative operations and avoids repetitive computations. It however
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lacks modelling accuracy compared to adaptive meshing, especially in metallic 
structures with non-uniform surface current density. Meshing need only be applied to 
the metallic (conducting) surfaces that make up the antenna or surrounding the slots 
(apertures), this helps to reduce computational time.
An integral wave equation, describing the fields in space, is given in terms of surface 
currents in an antenna, made up of metallic surfaces or slots in metallic surfaces. 
The integral equation is transformed into matrix algebraic equations, i.e. linear 
equations that can be solved numerically, for the unknown currents. Alternatively, for 
surface currents resulting from excitation at the source, the radiated field is estimated 
at an observation point of a given distance from the antenna.
Using the Method of Moments solutions are readily found for two-dimensional 
antennas made up of metallic surfaces or slots in metallic surfaces in space such as 
strips and wires. This is not adequate for analysing microstrip antennas consisting of 
a conductive ground plane, a dielectric substrate and a top metallic layer 
representing the radiating part of the antenna which is no longer embedded in free 
space. There are however implementations of the Method of Moment in such 
stratified dielectric substrates, which assume infinite ground plane, and effects due to 
finite groundplanes, surface wave reflections and edge diffractions are often 
neglected since inclusion of these effects makes the Method of Moments very 
complex and computationally intensive. In order to overcome this disadvantage, a 
hybrid formulation of the Method of Moments and the Finite Element method, known 
as the Geometric Theory of Diffraction (GTD) is implemented, drawing on the 
strengths of each method.
3.3.1 The Method of Moments (MOM)
A number of commercial software codes are available for implementing the Method 
of Moments by software companies. Some of these codes are available as free demo
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or student versions, which are usually not suitable for any serious analysis and 
design work, except to illustrate the capabilities of the tool. Often a hardware key 
(dongle) or a licence number is required for full activation, at a considerable cost. 
Other hidden costs include training courses and the time required to get over the 
learning curve until becoming fully conversant with software before any serious task 
can be undertaken. Added to all this is the regular updating and periodic changes, 
which these software packages undergo, some of these changes can be major 
revisions requiring re-training and familiarization. For these reasons, the Method of 
Moments implementation later in this chapter relies on the Rao-Wilson-Gleeson 
(RWG) [1] method implemented in Matlab code as is described Makarov [2]. This 
method has a number of attractions including the wide use and availability of Matlab 
as a general engineering tools with its efficient matrix solver, inbuilt surface and 
volume mesh generator in two and three dimensions and 2D and 3D plots graphic 
facilities. Makarov offers an “antenna toolbox” consisting of a number of relatively 
short and simple modules for simulating radiation and scattering from a wide range of 
antenna structures. The modules can also be modified to extend the scope of these 
tools to cover different applications and analysis. The use of Matlab also allows the 
use of an inbuilt mesh generator from the Matlab PDE toolbox. This mesh generator 
creates planar structures, which can be easily extended to 3D structures by writing a 
short and simple Matlab script involving the z-coordinate dependency. Alternatively, 
the antenna structure can be defined analytically, followed by applying the Matlab 
function Delaunay for 2D and 3D structures. Other implementations of the Method of 
Moments include the Numerical Electromagnetic Code (NEC) developed by the US 
defence. A number of revisions of NEC have been introduced such as NEC2, which 
can handle thin wires and semi-infinite ground planes but not microstrip circuits. 
NEC4 has the ability to handle stratified dielectric media. Other Method of Moment 
codes include Mstrip40 [3], IE3D [4], Sonnet [5], Ensemble [6], and Maxwell Strata
[6]. New codes and revisions are being introduced all the time. The codes are
51
Chapter 3: Read Range Simulation Using Matlab
sometimes called 2.5D EM simulations tools, in reference to the ability to simulate 
the current flow in via holes between the layers of the microstrip structure or the wire 
penetrating the groundplane.
3.4 Differential methods
Differential methods are based on solving differential equations as opposed to 
integral equations as in the Method of Moments. Differential methods include the 
Finite Element Method (FEM), Finite Difference Time Domain (FDTD) and the 
Transmission Line Method (TLM), which is related to the FDTD. Differential methods 
are volume-based rather than surface current-based formulation and analysis as was 
discussed in the Method of Moments. The finite Element Method is used in Chapter 5 
for simulating reader-tag operation; while the Transmission Line Method was used in 
formulating the equations in chapter 2 to predict the centre frequency of resonance 
and the bandwidth. These three methods are discussed in further detail.
3.4.1 The Finite Element Method (FEM)
The Finite Element Method is usually implemented as a frequency domain method 
and the Maxwell’s equations are solved indirectly for three dimensional structures 
which are viewed as a boundary value problem expressed as differential equations. 
The structure and the space around it are discretised into three-dimensional cells. 
For antenna problems, the surrounding space is terminated at the truncation 
boundary by introducing a virtual absorbing boundary, only mathematically.
As was discussed earlier, frequency-domain methods attempts to find solutions at 
each frequency point within a specified bandwidth. This is considered as one the 
drawbacks since it is computationally intensive and can be time consuming.
Ansoft’s High Frequency Structural Simulator (HFSS) [6] is implemented using the 
Finite Element code. This is highly developed interactive software package for
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calculating the electromagnetic behaviour of structures with advanced graphical 
interface, capable of handling most three-dimensional structures. The simulator also 
includes post-processing commands for analysing the electromagnetic behaviour of a 
structure. Using Ansoft HFSS, the following computations can be performed:
• Electromagnetic field quantities and radiated near and far fields.
• Port impedances and propagation constants.
• S-parameters.
• Resonances or the eigenmodes of structures.
Using the software package, a structure can be drawn, the material characteristics 
are specified, and ports and sources defined. The geometric model is divided into a 
number of tetrahedra, where a tetrahedron is a four-sided pyramid. The collection of 
tetrahedra is referred to as the Finite Element Mesh. Tetrahedra are used as 
elements with varying size and shape giving the code versatility to handle almost any 
shape. Meshing is automatic and adaptive, and allows the user to seed the mesh in 
rejoins where more accurate prediction is required.
3,4.2 Finite Difference Time Domain (FDTD)
The Finite Difference Time Domain method [7] is a three dimensional method which 
produces accurate results over a wide frequency range. As the name suggests, it is a 
time domain based method, where with one time domain pulse as the excitation, 
information over the entire frequency range of interest becomes available. Since 
ideal impulses are not possible to generate by a computer, a representative pulse is 
created in order to provide information over the range of frequencies of interest. The 
entire workspace is discretised and the excitation pulse is propagated through the 
cells of the model and the resulting impulse response is transformed into the 
frequency domain using the Fast Frequency Transform (FFT) describing the
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frequency transfer function of the structure. The physical cell size in the model places 
an upper limit on maximum time step size. Hence, smaller cell size increases the 
computational complexity. Both the E and H fields are solved and the formulations 
directly approximate the Maxwell’s partial differential equations. In each cell, E and H 
fields are initialised to zero at time zero and interleaved in space and time throughout 
the structure, by placing circulating H components around E field components and 
placing circulating E components around H field components, according to Faraday 
and Ampere laws. The H field is calculated throughout the structure at a given time 
index, followed by the E field at the next time index, then E and so on. Such 
interleaving in time allows the calculation of one field component using the computed 
components of the other field from the previous step and avoids simultaneous 
solutions.
3.4.3 The Transmission Line (TLM) method
The Transmission Line method is a time domain method closely associated with the 
FDTD method. Wave propagation in three-dimensional space is analysed as in 
transmission lines, where three-dimensional nodes in the structure are treated similar 
to transmission line junctions and nodes in adjacent cells are also connected as 
those in transmission lines. The excitation in the Transmission Line Method is voltage 
pulses propagating in the network of nodes that the model is made-of. The voltage 
pulses are discrete in time and with a frequency content covering the range of 
interest. The cell dimensions determine the maximum analysis frequency, where the 
mesh cut-off wavelength is a function of ten times the cell dimension. The 
transmission line method is less accurate than wave based solutions like the Method 
of Moments but it provides a simplified insight to signal transmission and scattering 
making it a suitable and popular tool for handling most antenna problems.
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Microstripes [7] is an example of a time-domain code that uses the Transmission 
Line Method. The code is powerful and user friendly and becoming very popular. 
Meshing can be uniform or graded and different size cells can be defined for different 
parts of the model. The best option however is to use one size cells that can be fused 
together using a “Lump Function” where small size cells are not needed or 
necessary. Otherwise the complexity of the problem would grow unnecessarily.
3.5 Matlab antenna modelling
Antenna analysis and electromagnetic problems for a range of transmitting and 
receiving antennas can be simulated using Matlab. Standard Matlab has a built-in set 
of tools to perform such simulation for a variety of antennas. These tools include 
surface and volume mesh generators in two and three dimensional structures 
respectively, a well-developed fast and efficient matrix solver, Fourier analysis, and 
2D and 3D plotting with zoom, rotate and scroll functions. Radiation and scattering 
simulation results will be used in calculating reader-tag-reader link budget described 
by equation 2.9, which indicates the potential detection range for the RF barcodes. 
Two types of antennas will be used to simulate radiation; dipole shape metallic strip 
antennas and dipole shaped slot antennas surrounded by metallic sheet. These 
antennas will be used to perform the simulation at two frequencies; the centre 
frequency of the 2.4 GHz ISM band, namely 2.45 MHz and the centre frequency of 
the 5-6 GHz band, namely at 5.5 GHz. The use of microstrip patch antennas was not 
feasible without extensive Matlab code writing exercise, since readily usable code 
was not available for the antenna shapes of interest. Due to the added complexity of 
a microstrip structure, significant changes to existing codes would have had to be 
undertaken to generate the suitable Matlab programs. Code change would have had 
to include the addition of the dielectric layer and the design of the feeding structures. 
Such extra effort was not warranted since the object of the simulation was to prove
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the theoretical link budget of equation 2.9, which is valid for any antenna. Further, 
using standard and published Matlab code avoided introducing new variables and 
uncertainties to the problem.
The use of the Method of Moments implemented in standard Matlab code as a tool to 
analyse microstrip structures is an interesting future field of investigation due to the 
wide popularity of Matlab as a standard engineering tool and the accuracy of the 
results.
Other uses of standard Matlab are to implement other electromagnetic analysis 
techniques such as the differential and time domain methods.
3.5.1 Impedance matrix and radiated field parameters
Successive numerical steps of the Method of Moments are executed by running a 
sequence of Matlab source codes and antenna mesh generator files. These 
programs are provided for the dipole strip and slot antennas [2], but require some 
minor modifications. These separate simulations are performed:
1. For receiving dipole and slot antennas, simulation of the induced surface 
electric currents and feed voltages, at 2.45 GHz and 5.5 GHz.
2. For transmitting dipole and slot antennas, simulation of surface current 
distribution due to an applied voltage at the antenna feed, at 2.45 GHz and 
5.5 GHz.
Two Matlab programs are used to perform the core calculations. These are 
impmet.m and point.m. The program impmetm is used to compute the impedance 
matrix Z based on the Rao-Wilton-Glisson (RWG) algorithm [1] for calculating electric 
current flowing on the antenna surface as a result of incident plane wave 
electromagnetic signal, of a given field strength.
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The fundamental step in the RWG implementation of the Method of Moments is to 
divide the metallic antenna surface into separate triangles as shown in Figure 3.2(a). 
Each pair of triangles with a common edge forms an RWG edge element as 
illustrated in Figure 3.2(b). The surface electric current on the antenna surface is the 
vector-weighted sum of all individual current contributions from all edge elements. 
The weighting coefficients are found from the moment equations, which are a linear 
system of equations with impedance matrix Z. The division of the antenna structure 
into FIWG edge elements approximately corresponds to dividing the antenna current 
into elementary dipoles, as shown in Figure 3.2(c). The impedance matrix describes 
the interaction between different elementary dipoles such as the edge elements m 
and h, where the impedance element Zmn describes contribution of dipole n (through 
the radiated field) to the electric current of dipole m and vice versa. The size of the 
impedance matrix is equal to number of elements, which ultimately determines the 
computational speed. The second Matlab code point.m computes the near and far 
field radiation parameters at any point in space, due to electric current flowing at the 
antenna surface. Other Matlab codes are used to support and visualise antenna input 
and output data. For example, code names; rwgi.m, rwg2.m and rwgS.m are used to 
calculate induced surface currents and codes names; efielcU.m, efieid2.m and 
efieldS.m are used in calculating the near- and far field antenna parameters.
3.5.2 Creating the antenna structures
Creating the antenna structure is the first step before simulating the receiving and 
transmitting antenna. This can be done either by using the built-in Matlab mesh 
generator, where antenna structures can be created using the PDE toolbox. Planar 
antennas are created and can be extended to a 3D structure. This mesh generator is 
used to create the antennas that are used to simulate the transmitting and receiving 
antennas; namely the dipole and slot antennas as shown in Figure 3.3. A second 
way to create the antenna structure is to use the Matlab function Delaunay and
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defining the antenna dimensions analytically. For 3D antennas the 3D function 
deiauncyS is used. As a result arbitrary 2D and 3D antennas can be created.
m
Figure 3-2: Schematic of RWG edge elements and the dipole representation.
Figure 3-3: Dipole and slot antennas generated using the Matlab PDE mesh 
generator. These antennas are used in simulating the receiver and transmitter 
antennas.
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3.5.3 The receiving antennas
An antenna in receiving mode collects energy from the incident electromagnetic field 
over its effective capture area, resulting in electric surface current flow and a 
potential difference at the antenna feed representing the received signal. Some of the 
incident signal energy is scattered back as reflected electromagnetic energy as a 
result of the flowing electric current surface. As an example, the surface current 
distribution for a bowtie antenna is shown in Figure 3-4 for an incident plane wave 
with a given electric field strength.
Incident wave
Surface current
0 5 ,
-0 5 ,
-0 08
Feed voltage 006
004-0.04
0 0 2-0.02
0 02
-0 040.04
006
-0 08
Figure 3-4: Surface current distribution on a receiving bowtie antenna, with an 
incident plane electromagnetic field.
The antenna structures that are used in the receiver antenna calculations are the 
strip dipole and slot dipole, as shown in Figure 3-3. These antennas were designed 
for 2.45 GHz and 5.5 GHz operation to represent RF barcode operating in the bands
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2.4-2.4835 GHz and the bands 5.15-5.35 GHz and 5.47-5.875 GHz. The Matlab 
source codes jwg.1 to rwg.5 were used to perform the successive numerical 
operations of the Method of Moments as illustrated in Figure 3.5. The final Matlab 
script rwgS.m displays the surface current distribution on each antenna surface at 
each test frequency. The particular mesh filename is specified in the script rwgi.m; 
namely dipo!e245, slot245, dipole55 or slot55 reflecting the antennas. The RWG 
edge elements are created in the scripts rwgi.m and rwg2.m. The impedance matrix 
for the particular antenna is created in rwg3.m and the excitation voltage and the 
surface currents are calculated by the script rwg4.m that also solves the Methods of 
Moment equations. The excitation feed voltage is the receive signal voltage at the 
virtual antenna feed as a result of the induced surface current, as demonstrated in 
Figure 3-4. This induced voltage is a result of an incident field from the reader 
antenna. The four antennas and their dimensions are shown in Figures 3-6 to Figure 
3-7.
The name of the antenna is entered in the script rwgi.m, given in Appendix A, which 
creates the RWG elements for the particular antenna structure in the file meshi.m, 
which is used as an input in the script rwg2.m as shown in Appendix B. The creation 
of the edge elements is completed in file mesh2.m, which is in turn used as an input 
when the script rwg3.m (shown in Appendix C) is executed. The impedance matrix 
impmet.m is generated in rwg3.m, which describes electromagnetic interaction of 
each two RWG edge elements in the mesh. For example, the matrix element Zmn 
describes the contribution of dipole n, through the radiated field, to the electric 
current of dipole m, and vice versa. The impedance and frequency matrix is output 
into the binary file impedance.mat, which is used as an input when executing the 
script rwg4.m, shown in Appendix D. The output from script rwg4.m is the binary file 
current.mat, which describes the surface current density for the antenna structure 
from the incident electromagnetic field with a given field strength:
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J = Einc(V/m)/Z (3-1)
Where J is the surface current density (Amp/m), Einc is the incident electric field 
strength (V/m) and Z is the surface edge element impedance measured in rwgS.m.
The outputs from rwg4.m are the current coefficient and the voltage vector and the 
frequency parameters, which are saved in the binary file currentmat. Finally, the 
script rwgS.m takes the currentmat file as its input and provides a visual display of 
the antenna surface currents. A flowchart of the successive script execution is shown 
below:
rwg4.m 
Output file: current.mat
Input file:
Mesh Antenna name
rwgi.m 
Output file: meshl.mat
rwgS.m 
Output file: impedance.mat
rwgS.m 
Displays surface currents
rwgi.m 
Output file: mesh 1.mat
Figure 3-5: Successive script execution for surface current calculation for a 
receiving antenna.
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(a) (b)
Figure 3-6: (a) Strip dipole dipoie245 at 2450 MHz, with length 61.2mm and 
width 5mm. (b) Strip dipole dipole55 at 5500 MHz, with length 27mm and width 
2.5mm.
-00? -001 0 001 002 -0.01 .0005 0 0 005 0 01
(a) (b)
Figure 3-7: Slot dipole (a) slot245 at 2450 MHz, with 61.2mm length, 5mm width, 
1mm gap and 50m xIOOmm back plate dimensions, (b) Slot dipole slot55 at 
5500 MHz with length 27mm, width 2.5mm, gap 1mm and back plate 
dimensions 25mm x 50mm.
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Most of the computational work is carried out performing the impedance matrix 
calculations in the script iwg3.m, which depends on frequency, the free space 
permittivity and permeability. With all antenna geometries, the incident plane
electromagnetic signal is assumed perpendicular to plane containing the antenna
(i.e. direction z). The incident electric field E,nc has only one component, which is 
perpendicular to the direction of propagation, hence either polarised in the x-direction 
Einc = [Ex 0 0] or the y-direction Einc = [0 Ey 0]. The vectors Ex and Ey are given as:
Ex = Ex exp(-jkz) (3-2)
Ey = Ey exp(-jkz) (3-3)
Where Ex and Ey are the peak electric field strength in the particular direction, k is the 
wave number where:
k  = CO /  c (3-4)
Where o) is the angular frequency and c the speed of light. The vector Einc = [10 0] 
V/m describes the polarisation of the incident fields as shown in Figure 3-8. Hence, 
Einc is a sinusoidal signal propagating in the direction z, with a peak magnitude of 1 
V/m polarised in the x-direction.
With a permissible 27dBm transmit power provided from the reader, the power 
density at 1m from the reader antenna is 39.79mW/m^. The field strength at 1m 
range from the reader antenna is calculated as 3.87 V/m, since the electric field 
strength is the square root of the product of the power density and the impedance of 
free space (377 Ohm):
P„=£:"/377 (3-5)
Where Pm is the transmit power (W/m^) density at 1m range from the reader antenna 
and E is the electric field strength measured in V/m. Hence, for an incident field
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Strength polarised in the x-direction or y-directions, the incident field vectors are 
entered in script rwg4.m as Einc = [3.87 0 0] V/m or Einc = [0 3.87 0] V/m respectively. 
The direction of wave propagation and the orientation of the antenna are also 
specified in the script rwg4.m. The output of script rwgS.m gives the value of the 
current density at the centre of each antenna. The actual surface current at the 
antenna centre is calculated as the product of the current density and the antenna 
width, namely 5mm for dipole245 antennas, and slot245 and 2.5mm for the dipoleSS 
and slotSS antennas. These are shown in Tables 3-1 and 3-2 respectively. Figures 3- 
9 to 3-12 display the distribution of the surface current density on the antenna with a 
grey scale where the white colour indicating the highest current density.
The maximum surface current density is in the middle of the dipoles and the slots. 
Flence it is where a voltage feed should be introduced in order to convert the strip 
dipole to a real dipole antenna. From Tables 3-1 and 3-2 and the Figures 3-9 and 
Figures 3-10, it is evident that when the electric field orientation is along the dipole 
axis, the surface current density is maximum at 0.34/Vm and 0.91 A/m for the 
dipole245 and dipole55 antennas respectively. When the direction of the incident 
electromagnetic energy is switched to be perpendicular to the antenna axis, the 
surface current density drops to 0.003A/m and 0.004A/m respectively.
The behaviour of the slot antennas is exactly the reverse to that of the strip dipoles. 
When the polarization of the incident electric field is along the slot, the surface 
current density at the gap at the centre of the slot antennas is minimum. This is 
indicated by the dark gap, with the surface current density at the gaps are 0.09 A/m 
and 0.076A/m for the slot245 and slot55 antennas. When the polarization is 
perpendicular to the slots, the surface current density at the gaps is maximised, and 
indicated by the brightness at the slot centres, with the current density 1.075A/m and
0.468A/m respectively.
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Incident wave
■me
Hi
Figure 3-8: The field geometry for the incident vector Emc = [01 0].
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Antenna type Surface current density (A/m) Surface current (A)
dipoie245 0.34 1.7x10^
slot245 0.09 0.45x10'^
dipole55 0.29 2.3x10'^
slot55 0.076 0.19x10^
Table 3-1: The surface current density and surface current for each antenna 
type; With polarisation in the y-direction, which is along the dipole and slot 
axis.
Antenna type Surface current density (A/m) Surface current (A)
dipole245 0.003 0.016x10^
slot245 1.07S S.4x10'^
dipoleSS 0.004 0.01x10'^
slotSS 0.486 1.2x10'^
Table 3-2: The surface current density and surface current for each antenna 
type^  With polarisation in the x-direction, which is perpendicular to the 
diredfbn of dipole and slot.
66
Chapter 3: Read Range Simulation Using Matlah
(a) (b)
Figure 3-9: Surface current distribution for (a) dipoie245, (b) dipoleSS, for 
polarisation along the direction along the dipole.
0.003 0.004
A/m
(a) (b)
Figure 3-10: Surface current distribution for (a) dipole24S, (b) dipoleSS, for 
polarisation perpendicular to the direction along the dipole.
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Figure 3-11: Surface current distribution for (a) slot245, (b) slotSS, for 
polarisation along the direction along the slot.
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(a) (b)
Figure 3-12: Surface current distribution for (a) slot24S, (b) slotSS, for 
polarisation perpendicular to the direction along the slot.
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3.5.4 Far field reflection parameters
In a transmitting antenna, surface current due to the feed voltage results in 
electromagnetic energy radiating into the free space. This is reverse of the situation 
with receiving antennas where incident electromagnetic energy causes surface 
current flow, as was seen in the previous section.
In a transmitting antenna however, surface current flow is not always due to feed 
voltage. Incident electromagnetic energy from another transmitting antenna can 
cause antenna surface current, which in turn results in re-radiation (or reflection) of 
electromagnetic energy into the free space in an identical manner to the presence of 
a feed voltage, only the source of the surface current is different.
This scenario is relevant to the operation of RF barcodes where electromagnetic 
energy transmitted by the reader antennas is intercepted by the RF barcodes. The 
surface current flow on the RF barcodes results in a re-radiation of some of the 
electromagnetic energy and reflection back towards the reader antenna.
In this section, the far field parameters namely reflected electric field strength, 
magnetic field strength and the power density at a given distance from the 
transmitting antenna are calculated, using three Matlab scripts efielcU.m, efield2.m 
and efield3.m. The source code for the scripts efieldl.m, efield2.m and efieldS.m are 
given in Appendices F, G and H respectively. The E-field and H-Field parameters at 
the observation point are calculated in the script efieldl.m. The radiation density 
distribution over a sphere surface is calculated in the script efield2.m and finally, the 
radiation pattern is calculated in the script efieidS.m. The flowchart of the code 
sequence is shown below:
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efieldl.m 
Computes field at point
Antenna mesh (mesh2.mat) 
Antenna current density (current.mat)
efieldl.m 
Computes radiation intensity 
over sphere surface
efieldS.m
Computes radiation/scattering 
pattern
Figure 3-13: Radiated power parameter calculations for the Tx antenna.
These scripts use two binary data files, these files are mesh2.mat, which is antenna 
mesh with the RWG boundary element and the corresponding surface current 
distribution currentmat The scattering algorithm as was discussed in the previous 
chapter generates these binary files.
In the far field, at relatively large radial distances from the scatterer, the field fronts 
are viewed as plane waves, and for transverse electromagnetic waves, the direction 
of the E and H fields are perpendicular to the direction of propagation, with no 
components in the direction of propagation. The far field or the Fraunhofer region is 
defined as:
R^=2D^ /A (3-6)
Where X is the wavelength and D is the largest dimension of the antenna. For the 
dipole RF barcode at 5.25 GHz and 5.5 GHz, the far field observation point is around 
28mm. For the dipole RF barcode at 2.45 GHz, the far field observation point is about
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61mm. Both these ranges are well below the reader-tag 1m range. This range is 
defined as the observation in the script efieldl.m, and is defined as 
obsevationPoint=[0;0;1] m at 1m away from the RF barcodes along the z-axis. For 
each of the antennas, the calculated parameters are as follows;
1. Dipole245 (Figure 3-14)
The peak electric field strength (V/m) at 1 m-observation point is calculated as:
E(1) = 0, -0.1059+ j0.0100,0
The field has non-zero component in the y-axis direction, whereas the field
components in the x-axis and z-axis are zero. The peak magnetic field strength (A/m) 
at 1 m-observation point is calculated as:
H(1) = 0.2813-j0.0265, 0,0
The field has non-zero component in the x-axis direction, whereas the field
components in the y-axis and z-axis are zero.
The Poynting vector, the average power in a unit area (W/m^), at 1 m-observation 
point, is calculated as:
W(1) = 0.5 Re [E(1)xH*(1)]
Which is given as:
W(1)= 1.5029e-005W/m^
2. DipoleSS (Figure 3-14)
The peak electric field strength (V/m) at 1 m-observation point is calculated as:
E(1) = 0, 0.0289 -f-j 0.0370, 0 
The peak magnetic field strength (A/m) at 1 m-observation point is calculated as:
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H(1) = -0.7673-j0.9809, 0,0
The Poynting vector, the average power in a unit area (W/m^), at 1 m-observation 
point, is given as:
W(1)= 2.9214e-006W/m^
3. Siot245 (Figure 3-15)
The peak electric field strength (V/m) at 1 m-observation point is calculated as:
E(1) = (-0.2458+ j0.1781), 0,0
The peak magnetic field strength (A/m) at 1 m-observation point is calculated as:
H(1) = 0, (0.6521 - jO.4727) *1 .Oe-003, 0
The Poynting vector, the average power in a unit area (W/m^), at 1 m-observation 
point, is given as:
W(1)= 1.2221e-4 W/m^
4. SlotSS (Figure 3-15)
The peak electric field strength (V/m) at 1 m-observation point is calculated as:
E(1) = (0.0143+ j0.1558), 0,0
The peak magnetic field strength (A/m) at 1 m-observation point is calculated as:
H(1) = 0, (0.0379 + j0.4134) M.Oe-003, 0
The Poynting vector, the average power in a unit area (W/m^), at 1 m-observation 
point, is given as:
W(1) = 0.3247e-4 W/m^
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(a)
Max gain = 2.15 dB
270
(b)
Figure 3-14: (a) Radiation intensity distribution over the surface of a sphere for 
dipoie245 and dipoleSS. The colour bar extends from maximum (white) to 
minimum (black), (b) Radiation pattern for dipole24S and dipoleSS.
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Max gain = 5.97 dB
210
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Figure 3-15: (a) Radiation intensity distribution over the surface of a sphere for 
slot245 and slotSS. The colour bar extends from maximum (white) to minimum 
(black), (b) Radiation pattern for slot24S and slotSS.
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3.5.5 Reader received power
The power density Pdrd (W/m^) at a reader antenna at r metres away was estimated 
in chapter 2 by equation (2-7). In the previous sections, the power density at the 
reader antenna as a result of scattering from each antenna was predicted using 
simulation, these are summarised as follows;
Scattering
Antenna
Pdrd (W/m=)
Dipole245 1.5029e-5
Dipole555 2.9214e-6
Slot245 1.2221e-4
Slot555 0.3247e-4
Table 3-3: The power density Pdrd (W/m )^ at a reader antenna at r m from 
different scattering antennas.
With a reader antenna of gain Gr in the direction of the tag, the total received power 
Pr (Watts) at the reader was given by equation (2-8). With Gr = 50 (17dB), the 
received power at the reader for each scatterer is given in Table 3-4 below;
Scattering
Antenna
Pr(W)
Dipole245 8.97e-7
Dipole555 3.40e-8
Slot245 7.30e-6
Slot555 377.65e-9
Table 3-4: The received power Pr (W) at a reader antenna at r metres from 
different scattering antennas.
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Finally, the reader-tag-reader path loss was estimated in Chapter 2 by equation (2-9). 
This can now be calculated as the ratio between the received power levels for each 
scattering antenna and the input power to the reader antenna, namely 0.01 W 
(lOdBm). These are shown along with calculated path loss using equation (2-9), 
using the reflector antenna gains, namely 2.16dB for dipole245 and dipole555, and 
6dB for the slot245 and slot555:
Scattering
Antenna
Reader-Scatterer-Reader 
Path loss (dB)
Simulated Calculated
Dipole245 -40.5 -42.2
Dipole555 -54.7 -56.4
Slot245 -31.4 -34.5
Slot555 -44.2 -48.7
Table 3-5: Calculated and simulated Reader-Tag-Reader path loss for the 
different scatterers.
Table 3-5 demonstrates a close correlation between the simulated and calculated 
path loss for the various antennas, with closer results for the dipole antennas than 
the slot antennas. Hence the Validity of equation (2-9) is verified using the Method of 
Moments simulation implemented using Matlab tools.
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3.6 Summary
The validity of the link budget in equation 2-9 was investigated using Matlab 
simulation based on the Method of Moments. Modifying available Matlab code, 
reader radiated power density at RF barcodes at 1 m read range was analysed for 
the 2.4 GHz and 5-6 GHz bands. The re-scattering from the receiving RF barcodes 
was then calculated back at the reader antenna. Comparing reader transmitted and 
received power levels, close correlation was found with the predictions of equation 2- 
9 in Chapter 2.
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Chapter 4
4 RF Barcode Resonant Frequency and 
Bandwidth
4.1 Introduction
RF barcodes are low profile split or non-split (i.e. solid) dipoles designed to operate 
as passive RFID tags. The aim of this Chapter is to investigate the barcode resonant 
frequency and bandwidth, using calculations and measurements. Chapter 5 will then 
discuss barcode reader operation and detection in the frequency bands 2400-2483.5 
MHz and the sub-bands within 5-6 GHz.
In theory, RFID barcode implementation is also possible in other frequency bands 
using similar design and detection techniques. These bands include the US license- 
exempt ISM band at 900 MHz, and the international ISM band at 24-24.15 GHz. 
However, bandwidth limitations and physical size restrictions make the utilisation of 
some bands unfeasible. For example, at 900 MHz, the wavelength in air is greater 
than 30 cm; hence the resonant length of the dipoles in air will be greater than 15 cm. 
When implemented on a substrate with dielectric constant of 2.2 for example, the 
resonant length of each barcode on substrate will be around 10 cm, which can be 
regarded to be too long. On the other hand, if implemented in the 24-24.15 GHz 
band, whilst the resonant length of each half-wavelength dipole will be around 4mm 
(on a substrate with dielectric constant of 2.2), each barcode bandwidth will be over 
300 MHz in a maximum available band allocation is 150MHz.
The resonant length of each microstrip dipole is largely a function of the effective 
dielectric constant of the substrate material and length extension due to fringing fields
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at the two opposite ends along the length of the microstrip dipole. The bandwidth of 
RF barcode on the other hand will be shown to be a function of the quality factor due 
to various losses, which affect the propagating electric currents and voltages and 
radiating fields of the resonant dipole.
Two design examples are presented to demonstrate how to maximise the number of 
RF barcodes in each band of implementation. For an identical length dipoles, width- 
only variation was utilised in the 2.4GHz band to accurately control the resonant 
frequency of each dipole resulting in 7 dipoles in the 83.5 MHz wide band. On the 
other hand in the 5-6 GHz bands, both length and width variation were utilised to 
control the resonant frequency more accurately and allow for 10 dipoles.
The precise calculation of the effective dielectric constant and the resonant frequency 
of the RFID barcodes are also presented in this Chapter. These calculations are 
based on the equations introduced in Chapter 2. Calculated results, using these 
equations, will be compared with those calculated based on using commercially 
available transmission line parameter calculators such as ADS-Linecalc [1] and 
Serenade-TRL [2].
4.2 Rectangular microstrip patch antennas
Rectangular microstrip patch antennas, or simply rectangular patches, are resonant 
antennas, where radiation takes place due to standing waves, as opposed to the 
other class of antennas known as travelling wave antennas [3], which have 
comparatively wider impedance bandwidth due to their non-resonant nature.
Standing waves are set up on the patch at frequencies dependent on the electrical 
dimensions, namely the patch length and width. The electrical dimensions are always 
longer than the physical dimensions. They are calculated from the effective dielectric 
constant of the substrate material, which is a function of and always lower than the 
nominal value of the dielectric constant. The effective value of the dielectric constant
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is also a function of the substrate height. Lower values of the effective dielectric 
constant result in longer resonant antenna dimensions.
At opposite ends of the resonant length or width, as illustrated in Figure (4-1), fringing 
fields are established in the “dielectric-filled slots” between the top and bottom 
metallic layers of the laminated substrate. These fields result in lower effective 
dielectric constant for the substrate, hence longer resonant electrical dimensions, 
because they are partly contained in the substrate and partly in air. Depending on the 
field configurations (or modes), resonant frequencies are lowered in proportion with 
length extension (AL) and width extension ( AW).
IS ^  w
1
Feed i Patch
1 ^
W
Slot 1 Slot 2
Figure 4-1: Fringing electric fields, at the ends of the patch length, 
responsible for radiation and extending the physical length of the 
rectangular patch antenna.
Equation (4-1) below was introduced in Chapter 2 as a general equation for 
calculating the effective dielectric constant as a function of fringing fields along the 
dimension (e). The dimension (e) can either be the length (L) or the width (W) of the 
patch, under the conditions: L/h > 1 or W/h > 1, where h is the substrate height [4,5]:
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According to Equation (4-1), for microstrip dipoles where W/L ~ 0.05 and L/h »  1, 
the contribution of the width (i.e. when e = w in the above equation) to the effective 
dielectric constant is more significant than the contribution of the length (i.e. when e = 
L). As a result, the effective value of the dielectric constant is primarily influenced by 
the ratio (h/w), where the effective value as a function of the ratio (h/L) is negligible 
and can be usually ignored.
However, because the dominant mode (TM^oio) and lowest order resonant frequency 
of a microstrip dipole is a function of its length, dipole length increase by AL at each 
end due to fringing, as shown in Figure (4-1), directly affects the patch antenna 
resonant frequency.
The equation for calculating length extension (AL) as a function of the effective 
dielectric constant £re (W), and the width-to-height ratio (w/h) was described by 
Equation (2-14) and is repeated here [3]:
ALI h  = OAU U ^ r A W ) ^ 0 . m W l h - . 0 . 2 6 4  U 
[ { (IV ) - 0 . 2 5 8  } { W / / !  + 0.8}]
The actual resonant length of the microstrip dipole is then given by [3]:
C
-  2AL (4-3)
Where L is the physical length for the patch, C is the speed of light, 8re is the effective
dielectric constant calculated using Equation (4-1), Fr is the patch resonant frequency 
and AL is the length extension at each end along the length due to fringing.
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Although Hammerstad did not make it clear whether the nominal or the effective 
value of the substrate dielectric constant should be used in Equation (4-3), according 
to Balanis [3], the effective value of the dielectric constant is used to calculate the 
physical length of the rectangular patch for the dominant (TM^oio) lowest order 
resonant frequency. Equations (4-1) to (4-3) will be used later in this Chapter to 
calculate the resonant frequency of the RF barcodes.
The resulting level of accuracy however, though considered acceptable for most 
applications, may not be adequate for designing RF barcodes with a view to 
maximising the number of barcodes in the limited bandwidth available for license- 
exempt and other ISM bands. Therefore, in order to predict the resonance frequency 
with higher accuracy, it is necessary to calculate the effective dielectric constant
£re(W) and the length extension (AL) more accurately. Equations (2-18) to (2-28) of
Chapter 2 will be used to achieve this.
4.3 Rectangular patch geometry
Microstrip patch antennas as shown in Figure 4-2, consist of two thin layers of 
metalization on parallel faces of a relatively thin dielectric material, compared to the 
wavelength. One of the layers is the ground plane and the other is fed from the 
excitation source using a transmission line, aperture coupling, proximity coupling or 
coaxial probe [6].
The substrate thickness or height (h) is usually small compared to the air resonant 
wavelength (Xo), i.e. (h «  %o)- Various substrate materials and thickness are 
available to use for patch antennas, and the range of dielectric constant values, 
which can be used, is:
2 .2 < 8 e <  12
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For loosely bound fields hence higher radiation efficiency, substrate materials with 
low dielectric constant are used at the expense of larger patch dimensions.
Feed Patch
Ground planeSubstrat
Figure 4-2: Geometry of microstrip patch antenna.
For wider bandwidth operation thicker substrates are necessary as will be discussed 
later in this chapter, this increases the width of the slots at the opposite ends of the 
radiating length or width, as is shown in Figure 4-1. The use of thicker substrates 
however can result in surface waves being set up in the space between the two 
metallic layers of the patch antenna.
Surface waves are the result of signal energy being introduced between the two 
metallic layers, which can be viewed as a dielectric-filled cavity. Surface waves 
cause a reduction in the radiation efficiency as energy is taken away from what is 
available for radiation, also resulting in distorting in the radiation pattern as reflections
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take place at the substrate discontinuities at the edges of the microstrip structure. 
The effect of surface waves is quantified through the calculation of quality factor due 
to surface wave losses.
Depending on the field configuration in the geometry of the rectangular patch, both 
length and width fringing are possible. When viewed as a dielectric-filled rectangular­
shaped cavity, the propagation modes can be easily presented. The dominant TM^oio 
mode is shown in Figure 4-3, representing the lowest order resonance. The 
superscript z in TM^oio denotes the z-axis perpendicular to the patch and is the 
direction of broadside radiation. The y-axis is along the patch length and x-axis is 
along the width of the patch length. The subscripts 010 represent the number of half­
cycle field variations along the z, y and x directions respectively.
Fringing takes place at the two ends of the patch dimension where there is field 
variation, resulting in an electrical dimension longer than the physical dimension. In 
Figure 4-3, for the TM^oio mode the field variation is along the y-axis, i.e. antenna 
length.
Field variation along the patch length results in length extension (AL) at the opposite 
ends. The length extension is calculated using equation (4-2) and the resonant 
frequency is calculated from equation (4-3). Alternatively, the patch antenna can be 
excited such that the field configuration results in field variation along the width of the 
patch, with constant field along the length, i.e. the TM^ ooi mode, as shown in Figure 
(4-4). This mode would represent the dominant mode, i.e. lowest order, resonant 
frequency.
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Y W
X
Figure 4-3: First order resonance along the length of the rectangular 
patch antenna, the TM^ oio propagation mode. The electric field is varying 
along the length and constant across the width.
Y
W
Figure 4-4: First order resonance along the width of the rectangular patch 
antenna representing the TM^ ooi propagation mode. The electric field is 
varying along the width and constant across the length.
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4.4 Dipole patch geometry
When using microstrip dipoles as RF barcodes, the dominant mode TM^oio is excited. 
Standing waves are set up with electric field variation along the radiating edge (the 
length), which is nominally half a guide wavelength (Xg). The electric field variation is 
constant along the non-radiating edge (the width), as shown in Figures 4.3.
The RF barcode dipoles’ width-to-length ratio (W/L) is less than 0.05 and the length- 
to-substrate height ratio (L/h) »  1, therefore the contribution of the dipole width, in 
modifying the nominal value of the dielectric constant to a lower effective value, is 
greater than of its length. This is clearly shown when the parameter e in Equation (4- 
1) is substituted by the dipole width w, where the departure of the effective value of 
the dielectric constant from the nominal value is more significant that when e = L.
When the dipole is excited at its resonant frequency, a standing wave is set up and 
the voltages at the opposite ends of the length are 180° out of phase and the current 
is zero. The electric field between the ground plane and the radiating top layer, as 
shown in Figure 4-5, undergoes fringing at the two edges lengthwise, resulting in an 
effective extension of the dipole length. When viewed from the top as in Figure 4-1, 
the electric fields at both ends of the patch are in the same direction.
Field fringing at the two ends of the dipole length effectively increases the 
dimensions of the apertures or the “radiating slots” at each end of the length between 
metalization on the top layer and the ground plane. The nominal slot width is equal 
to the substrate height (h) and the nominal slot length is equal to the patch width (W).
It therefore follows that increasing the slot dimensions through the use of thicker 
substrate height should lead to an improvement in radiation efficiency, until the onset 
of surface waves in the substrate. Larger slot dimensions also results in lower input 
impedance and wider antenna bandwidth [3]. For efficient radiation, the width of the
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patch antenna is usually close to half a wavelength, where the practical rectangular 
patch width is found using: [3]:
W =
£ r  + 1
0 .5
(4-4)
For microstrip dipoles however, the dipole width is nowhere near what is given by 
Equation (4-4) and is only few percent of the dipole length, therefore the radiation 
efficiency and the bandwidth of a microstrip dipole antenna are inferior to that of a 
rectangular patch antenna with comparable length.
The lower radiation efficiency of microstrip dipoles when used as RF barcodes is a 
clear disadvantage as it makes tag detection harder and the reader design more 
challenging. On the other hand, narrower dipole bandwidth can be regarded 
necessary as it allows more barcodes to be implemented in a given band of 
operation, hence increasing the number of information bits.
Patch
Fringing E field 
and radiating 
aperture
A A
1 4
Substrate
V V V
Fringing E field and 
radiating aperture
V V
Ground plane
Figure 4.5: The electric fieids between the patch and the 
ground plane and the fringing fieids at the edge.
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4.5 Microstrip dipole design compromises
4.5.1 The fractional bandwidth
The fractional bandwidth of an antenna is the ratio of the frequency range of 
operation (AF) and the antenna resonance frequency (Fr):
Fractional bandwidth = AF/Fr (4-5)
The antenna bandwidth (AF) is usually given in terms of the antenna input 
impedance, i.e. the input impedance bandwidth or simply the impedance bandwidth. 
The impedance bandwidth is the frequency range of operation over which the return 
loss or the VSWR at the antenna input are below given levels. For example, the 
bandwidth can be specified for an input VSWR of < 1.5:1 (i.e. input return loss of < 
14dB), or for input VSWR of < 3:1 (i.e. input return loss of < 6dB). It is more common 
however to specify the impedance bandwidth for input VSWR of < 2:1, which is 
equivalent to an input return loss of < 9.5dB.
Analytically, the fractional bandwidth of the antenna is estimated using VSWR of 2:1 
and the total quality factor Qt[4]:
AF VSWR -  1 
Q,yvSWR
Where Qt is the total quality factor for the antenna calculated using Equation (2-29) 
from quality factors due to conduction, radiation, surface wave and dielectric losses. 
Whilst the above VSWR method is suited for antennas with input or feed where 
excitation is applied, it is unusable for RF barcodes. This simply is because RF 
barcodes have no physical feed or input port since they are resonant structures 
excited in the field by incident plane wave electromagnetic radiation from the reader. 
An alternative definition to calculate the fractional bandwidth of the RF barcodes was
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given by Equation (2-41) in Chapter 2, which is based on the calculated or measured 
value of the total quality factor:
f - i  -
The fractional bandwidth resulting from Equation (4-7) is larger than that calculated 
using Equation (4-6) by a factor of 0.707, when the VSWR = 2:1 criteria is used for 
defining input impedance bandwidth.
From S21 measurements obtained using the near field capacitive probes shown in 
Section 4.8, the 3 dB bandwidth for each RFID barcodes was measured based, then 
the total quality factor from Equation (4-7).
The results reveal that 3dB bandwidth values measured from S21 on the network 
analyzer are about twice the bandwidth values calculated using Equation (4-7). In 
other words, the quality factor due to total losses is lower than what is calculated, i.e. 
the actual losses are higher.
It will be shown later in this chapter that in RF barcodes radiation losses are 
dominant followed by conduction losses, while surface wave and dielectric losses are 
negligible because of the substrate thickness and the chosen loss tangent of the 
dielectric respectively, which are the subject of discussion in the next sections.
4.5.2 The dipole width and substrate height
For microstrip dipoles, the dipole width is a small fraction of the wavelength in air (Xq). 
This ratio must be is kept to below 5% for the design equations, in Chapter 2, to be 
valid, as was discussed in Chapter 2.
A further restriction is on the ratio of the substrate thickness to the dipole wavelength 
in air; this ratio is kept at ^ 0.1 for the design above equations to be valid. Both 
design restrictions affect the fractional bandwidth of the dipoles.
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Since the design aim is to maximize the number of dipoles in a given band, 
implementing narrower bandwidth dipoles is an obvious design target. An implicit 
design target however is to simplify barcode detection using an uncomplicated reader 
design. It is clear however that wider RF barcodes intercept more of the incident 
plane wave electromagnetic excitation from the reader/interrogator, resulting in more 
pronounced resonance.
4.6 Effective dielectric constant calculation and measurement
The effective dielectric constant for each RF barcode was calculated using the 
standard Equation (4-1). The laminate substrate board was supplied by Taconics [7], 
the nominal value of dielectric constant was 2.2 and the substrate height was 0.5mm.
For each RF barcode, the calculated value of the effective dielectric constant from 
Equation (4-1) is used in Equation (4-2) to calculate the length extension (AL) and the 
resonant frequency for a give dipole length based on Equation (4-3).
For higher accuracy. Equations (2-19) to (2-22) and (2-23) to (2-28) from Chapter 2 
are used, where length extension is calculated, and the resonance frequency for 
each dipole is found based on Equation (4-3). For each dipole, the width is selected 
to maximise radiation efficiency as was discussed earlier. Two design guidelines are 
observed in order to make the design equations valid, as was discussed in Chapter
2. These guidelines are:
Dipole width W  < 0.05 Xq (4-8)
Substrate thickness h ~ 0.01 X^  (4-9)
The value of the effective dielectric constant for each barcode is also calculated 
using two commercially available packages; the ADS-Linecalc from Agilent [1] and 
Serenade-TRL which used to be on offer from Ansoft [2].
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Table (4-1) shows RF barcode dimensions for the frequency band 2400-2483.5 MHz, 
and the calculated effective dielectric constant. The barcode length was fixed at 
43mm and width variation was utilised to control the resonant frequency of each 
dipole. The effective dielectric constant was calculated using standard and higher 
accuracy methods. The two methods are named UNIS1.6 and UNIS0.2 respectively. 
The calculated effective dielectric constant for each RF barcode using Linecalc and 
TRL are also shown in Table (4-1). The calculated values for the effective dielectric 
constant using the four methods are used in the next sections to compute the 
resonant frequency and the bandwidth for each RF barcode.
Table (4-2) shows the similar calculations for the 5-6 GHz RF dipoles. These 
barcodes were designed for operation within the license-exempt sub-bands 5150- 
5350 MHz and 5470-5875 MHz. Table (4-2) shows RF barcode dimensions for the 5- 
6 GHz sub-bands, and the calculated effective dielectric constant.
The barcode length as well as width were varied to control the resonant frequency of 
each dipole more precisely hence maximise the number of RF barcodes. Utilising 
length and width variation allowed up to 10 dipoles to be implemented.
The effective dielectric constant was calculated using standard and higher accuracy 
methods. The two methods are named UNIS1.6 and UNIS0.2 respectively. The 
calculated effective dielectric constant for each RF barcode using Linecalc and TRL 
are also shown in Table (4-2). The calculated values for the effective dielectric 
constant using the four methods are used in the next sections to compute the 
resonant frequency and the bandwidth for each RF barcode.
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RF Barcodes 
2400-2438.5 MHz
Calculated £re 
Using:
No.
: v f w UNIS UNIS ADS Ansoft
(mm) (mm) 0.2 1.6 Lincalc TRL
1 4.10 1.988 1.982 1.991 1.989
2 3.50 1.969 1.964 1.973 1.968
3 3.00 1.951 1.946 1.954 1.949
4
43
2.50 1.930 1.925 1.931 1.925
5 2.25 1.917 1.913 1.918 1.912
6 2.00 1.903 1.900 1.903 1.896
7 1.75 1.888 1.885 1.887 1.879
8 1.50 1.870 1.868 1.868 1.860
Table 4-1: Calculated effective dielectric constant for RF barcodes in the 2400- 
2483.5 MHz frequency range. The dipoles have identical lengths and width 
variation was utilised in order to control the resonant frequency of each dipole. 
For each dipole, the effective dielectric constant is given using the two 
methods presented in Chapter 2, and for comparison two commercial methods 
were also used; the Linecalc from ADS and TRL Ansoft.
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RF Barcodes 
5-6 GHz
Calculated 8re 
Using:
No.
(mm) (mm)
UNIS
0.2
UNIS 
1.6
ADS
Lincalc
Ansoft
TRL
1 20.00 2.35 1.922 1.918 1.930 1.924
2 19.50 2.72 1.940 1.935 1.948 1.943
3 19.35 2.00 1.903 1.900 1.909 1.903
4 18.75 2.17 1.913 1.909 1.920 1.914
5 18.50 1.90 1.897 1.894 1.903 1.896
6 18.10 2.64 1.936 1.932 1.945 1.939
7 18.00 2.40 1.925 1.921 1.932 1.927
8 17.85 2.36 1.923 1.919 1.930 1.921
9 17.80 2.02 1.904 1.901 1.921 1.904
10 17.50 2.17 1.912 1.908 1.920 1.914
Table 4-2: Calculated values for the effective dielectric constant for RF 
barcodes in the sub-bands 5150-5350 MHz and 5470-5875 MHz. Bo^; length and 
width variation was utilised in order to control the resonant frequency. For 
each dipole, the effective dielectric constant was calculated using two methods 
presented in Chapter 2, and for comparison two commercial methods were 
also used; the Linecalc from ADS and TRL Ansoft.
93
Chapter 4. RF Barcode Frequency and Bandwidth Calculations
4.7 Resonant frequency calculation
The calculated effective dielectric constant values in Tables (4-1) and (4-2) were 
used to calculate the resonance frequency for the RF barcodes. For each barcode 
there are four different resonant frequencies in Tables (4-3) and (4-4) calculated 
using the different Ere values. The resonant frequency calculation was based on 
Equation (4-3). Instead of using a dipole length of exactly half a wavelength, a slightly 
shorter than half a wavelength dipole length is necessary in order to achieve 
resonance. At exactly one half of the guide wavelength (Xg), the dipole is capacitive 
and not at resonance whereas dipole length longer than half a wavelength are 
inductive [8]. Resonance is usually found empirically as a fraction equal to about 0.49 
of the guide wavelength. The exact value of the fraction depends on the thickness of 
the dipole in the case of non-planar dipole antennas. For the microstrip dipoles it was 
found that best approximation was about 0.494 and 0.490 of the guide wavelength 
for the 2.4 GHz and 5-6 GHz bands respectively. The calculated and measured 
resonant frequencies for the dipoles are plotted in Figures 4-6a and 4-7a.
The percentage frequency error is defined as:
%  F  err =  [ (F  calc " F  meas) /  (F  meas)] 1 0 0 %  (4 -1 0 )
Where %Ferr is the percentage of error in the calculated frequency (Fcaic) compared to 
measured frequency (Fmeas)- The frequency error for the four calculation methods is 
plotted in Figures 4-6b and 4-7b for the two bands. The plots clearly demonstrate that 
calculated resonant frequencies using the higher accuracy method are closer to the 
measured values.
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RF barcodes
Resonant Frequency Fr, MHz
2.45 GHz
Measured
Using
Calculated from £re 
Using:
No.
L
(mm)
W
(mm)
S21
UNIS
0.2
UNIS
1.6
ADS
Lincalc
Ansoft
TRL
1 4.10 2411 2408 2417 2406 2407
2 3.50 2430 2420 2429 2417 2420
3 3.00 2438 2432 2440 2430 2449
4
43
2.50 2440 2446 2454 2446 2449
5 2.25 2468 2455 2462 2455 2458
6 2.00 2463 2465 2471 2465 2470
7 1.75 2482 2476 2481 2476 2482
8 1.50 2490 2489 2492 2490 2495
Table 4-3: Calculated and measured resonance frequencies for 2.4-2.4835 GHz 
RF barcodes. The resonant frequencies were calculated using the effective 
dielectric constant values in Table (4-1). The measured resonant frequency was 
obtained using near field probes to carry out S21 measurements using the 
Agilent 8753E network analyser. The substrate thickness was 0.5mm and 
nominal dielectric constant was 2.2.
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RF barcodes 
5-6 GHz
Resonant Frequency Fr, MHz
Measured
Using
Calculated from £re 
Using:
No.
L
(mm)
W
(mm)
S21
UNIS
0.2
UNIS
1.6
ADS
Lincalc
Ansoft
TRL
1 20.00 2.35 5121 5150 5175 5140 1.924
2 19.50 2.72 5224 5250 5280 5239 1.943
3 19.35 2.00 5336 5350 5372 5342 1.903
4 18.75 2.17 5490 5500 5525 5489 1.914
5 18.50 1.90 5600 5600 5621 5591 1.896
6 18.10 2.64 5629 5650 5683 5637 1.939
7 18.00 2.40 5690 5700 5731 5690 1.927
8 17.85 2.36 5742 5750 5780 5740 1.921
9 17.80 2.02 5807 5800 5825 5775 1.904
10 17.50 2.17 5886 5850 5877 5869 1.914
Table 4-4: Calculated and measured resonance frequencies for 5-6 GHz RF 
barcodes. The resonant frequencies were calculated using the effective 
dielectric constant values in Table (4-2). The measured resonant frequency was 
obtained using near field probes to carry out S21 measurements using the 
Agilent 8753E network analyser. The substrate thickness was 0.5mm and 
nominal dielectric constant was 2.2.
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RF Barcodes 
Measured and calculated frequencies
Ü
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Figure 4-6a: Calculated and measured resonant frequencies for the 2.4GHz
barcodes.
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Figure 4-6b: Percentage frequency error for the two resonant frequency 
calculation methods for the 2.45GHz barcodes.
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RF Barcodes 
Measured and calculated frequencies
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Figure 4-7a: Calculated and measured resonant frequencies for the 5-6 GHz
barcodes.
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Figure 4-7b: Percentage frequency error for the two resonant frequency 
calculation methods for the 5-6 GHz barcodes.
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4.8 Resonant frequency measurement
At an early stage and prior to developing reader-based longer-range detection for RF 
barcodes in the field, it was necessary to quickly verify the designed resonant 
frequency and the designed bandwidth for each barcode. This was achieved using 
homemade near field capacitively coupled proximity probes, which consisted of semi­
rigid cables with a slightly protruding centre conductor. For performing S11 based 
frequency and bandwidth verification one probe is used, and for S21 based 
verification two such probes are obviously necessary.
As near field capacitively coupled devices, the probes must be placed close to the 
barcodes for good coupling. This however has a loading effect on the barcodes and 
causes pulling of the resonant frequency as the probe is placed near the barcode, 
and a drop in the recorded resonant frequency compared with the actual frequency of 
resonance. Frequency pulling is minimized when the probes are placed just close 
enough to be adequate for a frequency reading. Accurate measurement of the 
magnitude at the resonant frequency was not the aim and is not possible since the 
outer screen of the semi-rigid cables could not be grounded close to the barcode.
The near field probes for S21 measurements are shown in Figure 4-8a and the probe 
for measuring S11 is shown in figure 4-9b. The measured results are shown in 
Figures 4-8b and 4-9b. Both results clearly show peaks at the resonant frequency of 
the measured barcode. The peak in an S21 measurement represents resonance at 
the dipole centre frequency as one probe causes the excitation and the second 
probes detects it. With excitation and detection performed by the same probe, the 
peak in the S11 measurement is also due to resonance. Reflection however also 
takes place at other frequencies above and below resonance and is picked up by the 
S11 probe, causing a general rise in the noise floor. Due to the relatively high level of
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the noise floor, the resonant peak is only about 1 dB above the noise floor, making 
3dB bandwidth measurements not possible.
In the next chapter longer-range RF barcode detection will be discussed also based 
on S11 and S21 techniques. It is appropriate at this stage to draw attention to the fact 
that, the longer-range measurement results have nulls instead of the peaks, at the 
resonant frequency for each dipole, which were observed using the near field probes. 
Since nulls are due to energy absorption and series resonance, while peaks are the 
result of energy reflection and parallel resonance, the results shown here and in the 
next chapter suggest that different modes of resonance are being excited in each 
case. This would make an interesting area of investigation and could assist in gaining 
further insight and better understanding to the operation of RF barcodes. It would 
also help in designing readers with possibly better and longer read range capability. 
However, for the purpose of verifying the resonance frequency, the bandwidth and 
the quality factor, the near field probes were an early and simple means of checking 
the designed barcode parameters, some considerable time before the longer-range 
bistatic reader design of Chapter 5 was found.
Figure 4-8a: Near field S21 measurement probes used to verify the centre 
frequency, quality factor and the 3dB bandwidth for each RF barcodes. The 
probes are place at opposite end in the vicinity of each barcode; only 
adequately close enough to take a reading in order to minimize loading effect.
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Figure 4-8b: Resonant frequency, 3dB bandwidth and the quality factor for 
each RF barcodes using the S21 near field probes shown in Figure 4-8a.
Figure 4-9a: Near fieid S11 measurement probe used to verify the centre 
frequency, see Figure 4-9b. The probe is placed close to barcode just close 
enough to take a reading.
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Figure 4.9b: RF barcode resonant frequency measurement results in the 5-6 
GHz band. The plot shows relatively high level of noise floor away from the 
dipole centre frequency compared to Figure 4-8b, preventing bandwidth and 
quality factor measurements.
4.9 Quality factor and bandwidth
For each RF barcode, the total quality factor and the 3dB bandwidth were measured 
using the probes shown in Figure 4-8a from the S21 plots as shown in Figure 4-8b. 
The measured bandwidth is different than the input impedance bandwidth as defined 
by Equation (4-6). The latter definition is in terms of input VSWR (2:1) and the total 
quality factor. Since an RF barcode has no input, such bandwidth is not measurable 
and the 3dB bandwidth is used to represent the frequency range of operation of the 
RF barcodes and calculate the bandwidth as defined in Equation (4-7).
Measured values for the 3dB bandwidth for each barcode were found to be 
consistently larger than the designed values, and sometimes by a factor of 2, in other 
words the measured quality factor is lower than the calculated values due to higher 
losses. This discrepancy, once known, can be factored in at the design stages of the 
RF barcodes and the reader.
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Knowledge of the bandwidth of the RF barcode bandwidth is necessary in order to 
determine the number of barcodes in a given frequency band of operation, i.e. the 
number of bits in the code. Since the presence or the absence of each frequency 
represents a “1” or a “0” respectively, the number of bits in turn determines the 
number of items in the field that can be ultimately tagged and identified.
On the other hand, the frequency spacing of the RF barcodes influences the receiver 
selectivity of the barcode reader. With closely spaced barcodes, the reader frequency 
resolution must be adequate to capture all the resonance energy in the barcode, plus 
a degree of tolerance to account for manufacturing/production variations, component 
parameter spread and temperature variation and drifts. The width of the receiver 
band selection filter however affects the receiver sensitivity and the reader 
performance under other noise and interference conditions.
Measured and calculated values for the bandwidth and quality factor are given in 
Tables 4-5 to 4-8 for the 2400 MHz and 5-6 GHz barcodes. The quality factors are 
due to conduction losses, space wave (radiation) losses, surface wave losses and 
dielectric losses. The equations for calculating these quality factors were given in 
Chapter 2.
As stated, the results show that the measured bandwidths are consistently wider than 
calculated bandwidth values since the measured quality factors are smaller than the 
calculated total quality factor (Qt). Further, it is evident that calculated quality factors 
are largely determined by the quality factors due to conduction and radiated losses, 
while the contribution of the dielectric and surface wave losses are negligible. Whilst 
larger radiation losses results in better radiation efficiency, conduction losses not only 
result in wider bandwidth, it is actually a waste energy and it causes a reduction in 
radiation efficiency as it takes energy away from what is available for radiation.
It would be interesting to investigate these losses further by actually measuring the 
radiated energy and using the losses due to conduction losses. The conductivity of
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copper was taken as 3e7 Mho/m rather than that bulk conductivity for copper, which 
is 5.8e7 Mho/m to account for surface roughness. However, the presence of other 
materials as well as surface tarnishing and corrosion would reduce the conductivity 
hence Qc and widen the measured bandwidth.
RF Barcodes 
2.45 GHz
Bandwidth
(MHz)
Quality Factor
No. BWcalc BWmeas Qt Qmeas
1 13 21 187 115
2 13 18 191 135
3 13 18 196 135
4 12 18 196 136
5 12 18 197 137
6 12 19 197 130
7 12 19 201 131
8 12 21 202 119
Table 4-5: Measured and calculated bandwidth and quality factor for the 2.4- 
2.4835 GHz RF barcode.
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RF Barcodes 
2.45 GHz
Calculated Quality Factor
No. Qc Qsp Qsw Qd Qt
1 267 1726 112357 1000 187
2 268 1979 128234 1000 191
3 269 2625 168223 1000 196
4 269 2625 168223 1000 196
5 270 2860 182603 1000 197
6 270 2860 182603 1000 197
7 271 3485 220653 1000 201
8 271 3916 246631 1000 202
Table 4-6: Calculated quality factors for the 2.45 GHz barcodes due to 
conduction, space wave, surface wave and dielectric losses. The value of the 
total quality factor Qt is largely determined by the value of the Qc.
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RF Barcodes 
5-6 GHz
Bandwidth
(MHz)
Quality Factor
No. BWcalc BWmeas Qt Qmeas
1 27 42 191 122
2 29 42 182 124
3 27 42 197 127
4 29 52 190 106
5 29 51 196 110
6 32 53 176 106
7 31 55 181 103
8 32 59 181 97
9 31 51 190 114
10 32 52 184 113
Table 4-7: Measured and calculated bandwidth and quality factor for the 5-6 
GHz RF barcode.
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RF Barcodes 
5-6 GHz
Calculated Quality Factor
No. Qc Qsp Qsw Qd Qt
1 391 620 18879 1000 191
2 394 524 15658 1000 182
3 398 661 19364 1000 197
4 404 583 16621 1000 190
5 407 630 17644 1000 196
6 409 465 12909 1000 176
7 411 497 13674 1000 181
8 413 496 13518 1000 181
9 414 558 15075 1000 190
10 417 510 13601 1000 184
Table 4-8: Calculated quality factors for the 5-6 GHz barcodes due to 
conduction, space wave, surface wave and dielectric losses. The value of the 
total quality factor Qt is largely determined by the value of the Qc.
4.10 Summary
Width as well the more usual dipole length variation was used to accurately control 
the RF barcode resonant frequencies. Calculated resonant frequencies using 
standard and higher accuracy methods were compared with measured results 
showing good correlation.
Calculated effective dielectric constant values were compared against results from 
commercially packages, which also showed close correlation.
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Calculated values of the RF barcode’s Q factor and bandwidth were compared with 
measured values. Results revealed lower quality factor and wider bandwidth for the 
measured results due to higher losses in practice compared to theoretical 
calculations.
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Chapter 5
5 RF Barcode Reader Design and
Measurement Results
5.1 Introduction
The operation of the RFID reader or interrogator is similar to the function of a radar 
ground station. It emits electromagnetic energy with a given frequency content, and 
then listens to the return echo from the target in the field. A radar station determines 
the presence of the target, and usually its speed and direction from the return echo. 
An RF barcode reader determines the tag identity from the frequency content of the 
energy scattered back towards the receiver antenna. The tag identity is determined 
from the resonant microstrip dipoles on the tag. When the tag intercepts the energy 
of plane electromagnetic wave emitted by the reader transmitter, the barcodes 
resonate creating nulls in the re-radiated spectrum. The combination of the null 
frequencies in the re-radiated pattern determines the tag identity.
In the previous chapters various aspects of RF barcode design were discussed. 
Techniques were presented to determine the centre frequency for each barcode 
resonance as well as the quality factor and bandwidth. These parameters are 
optimised to maximise the number of RF barcodes in the allowable frequency bands. 
In this Chapter, two reader design techniques are introduced based on monostatic 
and bistatic detection. Each method can be implemented using pulsed or swept 
frequency excitations. Stepped frequency excitation can also be used.
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The principle of RF barcode detection is based on “Reflectance” measurement. 
Introduced as a new terminology, Reflectance measurement is the measuring of 
backscattering and forwardscattering from the RF barcodes when illuminated by the 
reader transmitter. Reflectance measurement is the opposite of Transmittance 
measurement used with frequency selective surfaces where the transmitter and 
receiver are placed on opposite sides of the Device Under Test [1,2].
When the reader transmitter and receiver are co-located and share the same 
antenna, the interrogation technique is called monostatic detection. The echo from 
the target is reflected back, i.e. backscattered, in the direction of the common 
transmit-receive antenna. Alternatively, when the transmitter and receiver are placed 
at different locations, the interrogation technique is known as bistatic detection. The 
echo is reflected away from the transmitter towards the receiver; hence the term 
forwardscattering. Both detection methods are based on measuring the reflectance 
from the RF barcodes.
With monostatic and bistatic detection, two types of excitation signals are possible. 
Excitation signals are the signals that are emitted by the reader transmitter antenna 
towards the RF barcodes. With pulsed excitation, repetitive pulses are emitted 
towards the RF barcodes. With wideband pulses the RF barcodes are resonated 
simultaneously.
Alternatively, narrowband pulses can be used to sequentially resonate the RF 
barcodes. The advantages and disadvantages of using pulsed excitation in 
monostatic and bistatic detection are discussed in detail in this Chapter and different 
techniques are presented for generating pulsed excitation such as Synthetic Time 
Domain Reflectometry and Real Time Domain Reflectometry.
An alternative to pulses is to use swept or stepped frequency excitation, where the 
RF barcodes are irradiated sequentially. RF barcode Reflectance measurement 
using frequency swept monostatic detection is similar to performing network analyser
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S11 measurement, using an antenna rather than a measurement probe. Similarly 
barcode Reflectance measurement, using frequency swept bistatic detection, is 
based on network analyser S21 measurement using transmitter and receiver 
antennas. These techniques are discussed in detail in this Chapter with their 
advantages and disadvantages explained. Results using bistatic swept frequency 
excitation are presented using a network analyser to perform the RF barcode reader 
function.
In addition to monostatic and bistatic detection techniques and excitation signals, a 
number of different antennas are discussed. These include helical antennas. 
Dielectric Resonator Antennas (DRAs), and microstrip patch arrays. Narrow 
beamwidth and high gain are some of the important parameters for these antennas 
are. Helical and dielectric resonator designs are presented for two antennas in the 
2.4-2.S GHz and 5-6 GHz bands. In order to increase the performance of single 
element DRAs and patch antennas, they are incorporated into arrays. The design of 
linear and two-dimensional arrays is discussed and some of the relevant array design 
parameters such as the Array Factor (AF) and array directivity are calculated for the 
DRA and patch arrays in the 2.4-2.5 GHz and the 5-6 GHz bands.
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5.2 Monostatic and bistatic detection
Figure 5-1 is a simplified illustration of monostatic detection consisting of a single 
antenna shared between the transmitter and the receiver. The transmitter and the 
receiver don’t necessarily have to be co-located provided that they share the same 
antenna. The use of two separate co-located antennas is also possible where the 
electromagnetic energy from the transmitter antenna striking the target is 
backscattered towards the receiving antenna, which intercepts the echo from the 
target. Although a simple switch is shown in Figure 5-1, a circulator, directional 
coupler or directional bridge could perform the function of separating the transmitted 
signal from the received backscatter.
The transmitted signal can either be repetitive pulses or frequency swept excitation. 
Stepped rather than swept frequency excitation can also be used. In Figure 5-2 a 
bistatic detection system is shown where two separate antennas at different locations 
are used, one for the transmitter and the other for the receiver. The RF barcodes, 
irradiated from one direction, forwardscatter the reflected energy towards the receiver 
antenna at a different location. Hence, in bistatic detection, the transmit-receive 
signal separation is achieved using two antennas at different locations. As before, the 
transmitted signal can either be repetitive pulses or swept/stepped frequency 
excitation.
In order to find a suitable reader design, both monostatic and bistatic detection 
techniques were tried using pulsed and swept excitation. The aim had been to prove 
the concept of RF barcodes as a new all-passive means of RF identification and 
tagging and not necessarily design circuits for generating the excitation signals. 
Therefore available sources for the excitation signals were utilised and found 
adequate to prove the operational principles of various readers.
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Figure 5-1: Monostatic RF barcode detection system based on backscatter 
reception, using a single antenna switched between the transmitter and 
receiver.
Tx
✓
Figure 5-2: Bistatic RF barcode detection system based on forwardscatter 
reception, using two separate transmit and receive antennas positioned at 
different locations.
113
Chapter 5. RF barcode Reader Design and Measurement Results.
The choice of a particular excitation signal in a given detection system largely 
depends on the application for which the barcode reader is intended. For example, it 
will depend on multipath conditions in the field, the expected read range, the number 
of bands implemented, in addition to size, cost and implementation time 
requirements. The presented results for RF barcodes in the 2400 MHz and 5-6 GHz 
bands were obtained using a bistatic measurement system and frequency sweep 
excitation by utilising the S21 function of a vector network analyser. This method was 
used to demonstrate the detectability of the RF barcodes in the above frequency 
bands. A variation on the standard RF barcodes is also presented using capacitor- 
tuned split dipoles.
5.3 Monostatic RF barcode readers
In a monostatic reader with pulsed RF as the excitation signal, the common transmit- 
receive antenna, as shown in Figure 5-1, transmits pulses towards the barcodes, the 
echo is backscattered towards the common antenna and is directed towards the 
receiver section of the reader by the switch. Hence, the switch performs transmit- 
receive path separation at the antenna terminal.
For a read range of 1m, the signal travel time from the antenna to the target barcode 
and back is about 6.7ns. For a 10m read range, the return travel time is about 67ns. 
This is calculated from the speed of electromagnetic propagation of 300x10® m/s in 
air. Therefore the changeover and settling times for the switch in Figure 5-1 must be 
less than 6.7ns for 1m read range. When the read range is less than 1m, the switch 
changeover and settling time must be shorter.
For a fixed read range, activating the receiver after transmission allows for “time 
domain filtering” function. Time domain filtering or gating out unwanted reflections 
and interference from other objects helps to improve the “signal-to-interference ratio”
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and ensure more reliable detection by ignoring multipath reflections from objects at 
different ranges.
Rather than operating with a fixed read range, a practical RF barcode reader would 
be expected to operate between a minimum and maximum read ranges. The link 
budget for maximum read range is determined by the propagation losses and the 
required signal-to-noise ratio for reliable detection. The minimum read range 
depends on the far field distance for the reader antenna as well as the RF barcodes.
Minimum barcode to barcode separation is determined from the near field-far field 
boundary for the microstrip dipoles. Placing the RF barcodes outside the near 
(reactive) fields of one another helps to avoid distortion in the radiation pattern. The 
minimum barcode-to-barcode separation can in theory be reduced if the barcodes 
are placed in field nulls, allowing for smaller RF barcode tags, which will be 
discussed as part of future work in Chapter 6.
The radiation pattern for the RF barcodes is not easy to measure, nor is it simple to 
simulate since a barcode is a microstrip dipole with no input port. Most available 
electromagnetic simulation tools for planar and 3-D structures require defined inputs 
to calculate antenna parameters. Therefore future investigation is necessary to 
establish the radiation pattern for RF barcodes. The boundary of the far field or the 
Fraunhofer region is defined as [3,4]:
R f= 2D ^ IÀ  (5.1)
Where X is the wavelength and D is the largest dimension of the antenna. For dipole 
antennas at 2450 MHz, the far field boundary is about 61mm away from the antenna. 
For barcodes operating in the 5-6 GHz bands, at the mid-band frequency of 5.5 GHz 
the far field distance is about 27mm away from the antenna. For multi-band RF 
barcodes employing both 2.4-2.5 GHz and 5-6 GHz barcodes, the minimum read 
range is therefore 27mm. For 27mm read range, the return signal travel time is about
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1.8 ps. In other words, the transmit-receive switch changeover and settling time has 
to be less than 1 .Bps, which makes the design of the reader somewhat challenging. 
Even for a read range of 0.5 m, the reader switchover and settling must be 
completed in less than 3.3 ns. Other reader functions such as the generation of the 
RF pulses at the transmitter and the required signal processing on the received echo 
would also present serious design challenges. As an alternative to the switch, other 
means of signal routing are available, such as a circulator as shown in Figure 5-3.
Figure 5-3: A monostatic RF barcode detection system with a circulator in 
place of the transmit-receiver switch.
When a circulator is used, transmit and receive circuits can be active all the time to 
avoid the issues relating to switching time and changeover speeds. The isolation 
provided by the circulator between transmit and receive ports is finite and about 20- 
25 dB.
A practical implication of always-on transmitters and receivers and finite circulator 
isolation between them is that the receiver is vulnerable to transmitter power, albeit 
attenuated by 20-25 dB. This could result in damage to receiver front-end, especially 
when high transmit power levels and high sensitivity front-end receivers are required 
for longer read range operation. In addition, the received inband noise from the
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transmitter, even when in idle state, could contribute to raising the receiver noise 
floor. Despite attenuation due to port-port isolation, the transmitter noise floor in idle 
state could well be higher than the receiver noise floor, and even higher than the 
multipath interference level. Ramping down or switching off the transmitter when the 
receiver is active can eliminate these problems.
A third method for separating incident and reflected signals in monostatic readers is 
by using directional couplers. A directional coupler as shown in Figure 5-4 consists of 
an incident path from the Tx to the antenna, and a reflected path from the antenna to 
the Rx, forward coupled paths A in the incident direction and B in the reflected 
direction, reverse coupled paths B in the incident direction and A in the reflected 
direction. The directivity of a directional coupler is the ratio between forward and 
reverse coupling and represents the measurement system dynamic range.
Resistive directional bridges, despite their comparative higher loss due to their 
resistive design, have better directivity and broadband performance and are found in 
multi-octave network analysers. Figure 5-5 shows a block diagram for a resistive 
Reflectometry bridge [5] used for detecting impedance changes along cables or 
pipes...etc, which is essentially a monostatic detection method.
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Figure 5-4: Monostatic detection with a directional coupler.
The principle of operation of a directional bridge is similar to the Wheatstone Bridge. 
If all ports are equal in resistance, there will be a voltage null in the detector (the 
balanced condition). The bridge is calibrated by replacing the DUT port with the 
system characteristic impedance Ro (usually 50 Ohm). If the impedance of the DUT 
is different from Ro, the voltage in the detector is proportional to the degree of 
mismatch presented by the DUT. The complex impedance of the DUT is measured 
by measuring the magnitude and phase of the detector voltage. The directivity of the 
directional bridge is calculated as the voltage ratio under total mismatched and 
matched conditions. In other words, the bridge directivity is given as the ratio 
between the maximum detector voltage (under a total mismatch condition with a 
short or an open in place of the DUT) and a minimum detector voltage (with Ro in
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place of DUT). The bridge is shown in Figure 5-5 as a monostatic RF barcode reader 
system. From a functional point of view the operation of the directional coupler and 
the resistive directional bridge are equivalent. The block diagram shown in Figure 5-5 
is for a theoretical bridge presented for demonstration purposes and the actual circuit 
would be different as given by Pollard [6].
DUT
/V
Generator
RoRo Ro
Ro
Detector
Figure 5-5: A Functional block of a Reflectometry bridge arranged as a 
monostatic RF barcode detection system based on backscattering reception.
The elements of a network analyser, which are of most interest to monostatic 
Reflectance measurements, are the generator, which provides the excitation signal 
(the stimulus), and the signal separation element, which is the directional coupler or 
the directional bridge. The source in network analysers is usually a frequency swept 
excitation providing a frequency domain stimulus to the device under test. Even when 
the network analyser is used in time domain Reflectometry applications, the source is
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frequency swept and all measurements are carried out in the frequency domain first 
then transformed to time domain as will be discussed in the next section.
The source stimulus is split to an incident signal applied to the device under test and 
a reference signal for comparing with the reflected signal. Signal splitting is done 
using resistive power splitters despite their higher loss, as they are broadband 
devices.
The (forward) coupling factor of a directional coupling is the ratio between the 
forward coupled power to the incident power. Reverse coupling (or isolation) is the 
ratio between power coupled to the isolated port to the incident power, this is ideally 
zero but finite in practice. Coupler directivity is defined as the ratio between forward 
coupling and coupler isolation and describes the coupler ability to separate forward 
and reverse signals, i.e. the ratio between FC and RO in Figure 5.6. Coupler 
directivity represents the dynamic range for a reflection measurement.
When a matched load replaces the DUT, the load absorbs the incident signal power 
as no reflection takes place, and the forward coupled signal FC2 is zero. The reverse 
coupled signal RC1 appears as the measurement noise floor and is calibrated out 
over the frequency range of operation. The difference (in dB) between FC2 and RC1 
is directivity. The maximum directivity in modern network analysers is about 45-50 dB 
after calibration.
Having outlined the relevant operational principles of vector network analysers, three 
different implementations of monostatic RF barcode readers will be discussed next, 
using Synthetic Time Domain Reflectometry (STDR), Real Time Domain 
Reflectometry (RTDR) and bandpass excitation signals. STDR is available in some 
network analysers as an option and uses frequency domain excitation signals, while 
RTDR uses Time domain excitation.
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Figure 5-6: A schematic of the front-end of a network analyser, consisting of a 
source, resistive power splitter and incident and reflected signal separation.
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5.4 Monostatic pulsed RF reader
There are a number of different ways to implement a monostatic reader using pulsed 
excitation. One technique is to use pulses (real or synthetic) as in Time Domain 
Reflectometry (TDR).
Another technique is to use finite duration (i.e. truncated) sinusoidal signals, as in 
Ultra Wide Band (UWB) radar and communication systems [7-10]. Time Domain 
Reflectometry is usually available as an option on some network analysers such as 
the HP8510. A number of trials were conducted using the TDR function on the 
HP8510 network analyser in order to assess the suitability of TDR for monostatic 
reader design and its advantages and disadvantages for RF barcode detection. In 
broadband monostatic and bistatic readers wideband antennas were utilised, where 
the bandwidth of the antennas covers the frequency content of the transmitted 
stimulus and the RF barcodes in the field.
5.4.1 Synthetic TDR
In the HP8510 analyser, as with most network analysers fitted with the TDR option. 
Synthetic Time Domain Reflectometry (STDR) is implemented. In STDR a frequency 
domain measurement is first made and then transformed to time domain using 
Inverse Discrete Fourier Transform, which is implemented using the more 
computationally efficient Inverse Fast Fourier Transform (FFT) [11]. The stimulus 
signal therefore is not a true time domain impulse but computed from a sequence of 
tones representing the excitation frequencies within the chosen frequency span of 
the analyser. In other words, the excitation signal is a sampled frequency spectrum. 
The number of tones within the frequency span represents the number of 
measurement points (N), and the distance (in frequency) between the measurement 
points gives the frequency resolution. The duration of the synthesized time domain
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impulse is equal to the inverse of the frequency resolution. The synthesized impulse 
response is also discrete as it is made up from N sample points.
The above qualitative description is expressed mathematically by the relationship 
between the frequency domain H(f) and time domain h(t) representations as given by 
the Fourier Transform:
Using inverse Fourier transform, the impulse response in time domain is found from 
the spectral representation as:
h { t ) =  (5-3)
The impulse response h(t) is integrated to obtain the step response. The step 
response representation indicates impedance deviations from the reference 
characteristic impedance (Zo). Positive values imply higher impedance than the 
reference (i.e. Z > Zo), while negative values mean lower impedance than the 
reference (i.e. Z < Zo). The measured voltage reflection coefficient p between the 
impedance Z and the reference impedance Zo is given by:
% —
The step response is used when investigating discontinuities in transmission lines 
like cables, pipes...etc, whereas the impulse response is used when the frequency 
response of the DUT is of interest.
An infinitely narrow impulse response in Equation (5-3) is obtained from an infinitely 
wide frequency response H(f). In practice, network analysers have finite frequency 
range, which is equivalent to multiplying an infinitely wide frequency range by a
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rectangular weighting function with a magnitude of unity at the actual frequency 
response and zero elsewhere. A network analyser with a finite frequency span of 
10kHz to 10GHz, for example, would have a finite width impulse response. 
Multiplication in the frequency domain of an infinite frequency response by the 
rectangular function corresponds to convolution in the time domain of an infinitely 
narrow impulse response by a Sine function:
Sine (%) =
sin( x )
X
(5-5)
The frequency resolution Af is given as:
A /  =
Fs
N  - 1
(5-6)
Where Fs is the frequency span of the network analyser, which is lOkHz-IOGHz in 
this case, and N is the number of measurement points, for example 801. Fs is made 
up of 801 discrete measurement points, and the measurement frequency resolution 
in Equation (5-6) is calculated as 12.5 MHz, and illustrated in Figure 5-7:
Fs
Frequency span F&
Discrete frequency 
sampling points Af
Figure 5-7: Sampled frequency domain excitation, where Fs is the frequency 
span, N is the number of measurement points and Af is the frequency 
resolution.
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The measurement time span Ts, i.e. the duration of the measurement window, is 
calculated as:
Ts =
A /
(5-7)
Ts, the null-null duration of the impulse response, is calculated from Equation (5-7) 
as 160 nSec. Unlike the analogue impulse response h(t) in Equation (5-3), the 
resulting time domain window is sampled and in this case made up of 801 discrete 
measurement points. The time domain resolution, or the time interval between the 
discrete sampling points is given by:
A T  =
Ts
(5-8)
N  - 1
AT is calculated as 200pSec and illustrated in Figure 5-8:
a(t)
Discrete time sampling points 
AT= 200pSecNull-null duration of the impulse response Ts
Figure 5-8: Sampled time domain excitation, where Ts is the measurement 
window and AT is the sampling interval.
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In STDR the excitation signal is made up of a series of discrete sinusoidal stimuli. 
The discrete signals are transmitted sequentially from the reader transmit antenna in 
the direction of the RF barcodes, the backscatter is re-radiated back towards the 
reader receive antenna. The transfer function of the RF barcodes, calculated by 
comparing the incident and reflected sinusoids, contains information regarding the 
RF barcode resonances. Ideally, the number of transmitted sinusoids should coincide 
with the resonant frequencies of RF barcodes. This is not always achievable due to 
the constraints discussed above in choosing the number of measurement points 
within the band of interest, as well as the constraints in choosing the resonant 
frequencies of the individual RF barcodes and their quality factor and bandwidth as 
was discussed in Chapter 4. The following STDR parameters were used for detecting 
the 2.4 GHz RF barcodes:
Frequency span, Fs = 100MHz, between 2400 MHz and 2500 MHz, 
The number of measurement points, N = 101,
The frequency resolution, Af = 1 MHz,
The measurement time span, Ts = 2 uSec.
Ts is the nuli-null duration of the impulse response, or the measurement time 
window, which is discrete and made up from 101 samples with sampling interval AT = 
20 nSec. The following STDR parameters were used for detecting the 5-6 GHz RF 
barcodes:
Frequency span, Fs = 1000MHz, between 5000 MHz and 6000 MHz, 
The number of measurement points, N = 801,
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The frequency resolution, Af = 1.25 MHz,
The measurement time span, Ts = 1600 nSec.
Ts is the null-null duration of the impuise response, or the time measurement 
window, which is discrete and made up from 801 samples with sampling interval AT = 
2 nSec.
Although the TDR option was available on the HP8510 network analyser, and despite 
the ease with which the excitation signals for RF barcodes were generated, a number 
of implementation problems were encountered. These problems, which are 
discussed next, are attributed to antenna issues, finite directivity of the directional 
bridge at the analyser front end and the duration of the excitation sinusoids.
The availability of broadband antennas for 2.4 GHz and 5-6 GHz operations was a 
particular problem, especially those with the required gain. A number of antennas 
were designed, constructed and investigated, such as wide band monopole 
antennas, helical antennas, and dielectric resonator antennas. Some of these will be 
presented later in this Chapter. While dielectric resonator antennas didn’t have the 
required bandwidth, other antennas such as the simple monopoles didn’t have 
adequate gain. Others like the helical antenna had poor input return loss and circular 
polarization. The best input return loss for the antennas did not exceed 10 dB, i.e. 
about 2:1 VSWR. The patch arrays, which were used in the 2.4 GHz and 5-6 GHz 
bands, had specified input impedance bandwidths (for 2:1 VSWR) of 100MHz and 1 
GHz, respectively. When these antennas were used in the configuration shown in 
Figure 5.4 for monostatic detection with STDR, the consequences of the finite 
antenna return loss and finite network analyser directivity were that the wanted 
backscattered signal from the RF barcodes was smaller than unwanted interference.
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This is explained with the aid of Figure 5.4. For best achievable front-end directivity 
of 50 dB (after calibration), the reverse coupled signal at B from the Tx is 50 dB iower 
than forward coupled signal. However, the received signal undergoes 50-60 dB 
attenuation compared to the transmitted signal due to the return path loss and the RF 
barcode Radar Cross Section (RCS). As a result, the wanted backscattered signal 
forward coupled at B is be equal to or even 10 dB lower (depending on the frequency 
band) than the reverse coupled Tx signal at B.
Furthermore, 10 dB antenna return loss results in a refiected signal, due to mismatch 
at the antenna input, with a magnitude of about 10 dB below the incident signal from 
Tx. Therefore, the forward coupled signal at B due to mismatch reflection at the 
antenna input is about 40 dB higher that the reverse coupled signal at B from Tx. 
These interference signals raise the measurement noise floor, reduce the dynamic 
range and swamp the wanted signal.
As the reflected signal travels back towards the generator a further reflection takes 
place at the generator due to impedance mismatch. Reflections continue at the 
antenna input and generator output until they fade away. The reflected signals at the 
antenna and generator contribute further to reducing the dynamic range due to 
forward and reverse coupling at B. The loss of dynamic range due to interference is 
also a function of the duration of the excitation impuise signal, which is 2 uSec (for 
2.4GHz) and 1600 nSec (for 5-6 GHz). These are longer than the signal travel time 
from the antenna to the barcodes and back for the intended read range of 1-10 m. 
Reducing the duration of the impulse signal corresponds to increasing the frequency 
step Af, which would reduce the number of frequency samples in Fs, which could fail 
to resonate all the RF barcodes in the field. For example, for a 1 m read range, the 
signal travel time to the barcodes and back is about 6.7 nSec. The maximum impulse 
null-null duration would have to be 6.7 nSec. This corresponds to a frequency 
resolution (Af) of about 300 MHz, which is wider than the available 100 MHz for the
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2.4 GHz barcodes. For the 5-6 GHz band, only 3 frequency measurement points 
would fit in the band of interest. Simiiar calculations for the 10 m read range show 
that a maximum impulse null-null duration of 67 nSec results in 30 MHz frequency 
resolution. Such relatively coarse frequency resolution does not allow for resonating 
all the RF barcodes in the given bands.
Loss of measurement dynamic range due to finite antenna return loss and analyser 
front end directivity is associated with ail monostatic measurement systems whether 
they are implemented using pulsed or swept excitation. It has prevented the 
implementation of a viable monostatic reader design. With longer range readers, the 
reflections from the barcodes would be later in time and some form of time domain 
gating would make it possible to disregard the refiections due to mismatches at the 
transmitter and antenna.
5.4.2 Real TDR
In Real Time Domain Reflectometry (RTDR), as shown in Figure 5-9, a baseband 
puise is transmitted in the direction of the Device Under Test (DUT). The reflection is 
recorded and analysed for range and impedance information. The excitation signal is 
either step or impulse stimulus. The step function is easier to generate as it is a 
single voltage ramp rather than consecutive positive and negative voltage steps in a 
short interval, which form the impulse function. The impulse function however offers 
the possibility of measuring the transfer function of the DUT in time domain. As 
shown in Figure 5-9, a voltage step or impulse from a function generator travels in 
the direction of the DUT and a sample of the incident pulse is displayed on the 
oscilloscope. The return echo is displayed on the oscilloscope after a time deiay. The 
time delay indicates the distance to the DUT, while the shape of the reflected pulse is 
a function of DUT input impedance. Compared with STDR, the time domain system 
in Figure 5-9 is more direct and intuitive.
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Oscilloscopei t
Step /  Impulse 
Function 
Generator
L
Reflected
pulse
Incident
pulseT splitter
Figure 5-9: Simple illustration of Real Time Domain Reflectometry (RTDR).
A matched termination absorbs all the incident energy, whereas with a perfect open 
or short termination, the reflected pulse will look like an attenuated version of the 
incident pulse, in phase or 180 degrees out of phase with the incident pulse in 
accordance with the Equation (5-3). The magnitude and phase of reflected pulses 
are shown in Table 5-1 for a number of real load terminations.
DUT impedance
50 25 100 Open Short
Ohm Ohm Ohm Circuit Circuit
p 0 -0.33 0.33 1 -1
Table 5-1: Voltage reflection coefficient for various DUT input impedances in a 
50-Ohm system.
Figures 5-10 to 5-17 illustrate the use of RTDR with a number of terminations 
including complex inductive and capacitive loads.
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0/C Excitation
100R
Zo
25R
Impulse
Response
Return pulse travel time
S/C
Figure 5-10: Impulse response of an open circuit (solid line) and a lOO-Ohm 
termination (dotted line).
0/C
100R
Zo
25R
S/C
1
1 ---------------
Return puls 3 travel time Step
w Response
Figure 5-11: Step response of an open circuit (solid line) and a lOO-Ohm
termination (dotted line).
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0/C Excitation
Impulse
Response
100R
Zo
25R
Return pulse travel time
S/C
Figure 5-12: Impulse response of a short circuit (solid line) and a 25-Ohm 
termination (dotted line).
0/C
Excitation Step
Response
100R
Zo
25R Return pulse travel time
S/C
Figure 5-13: Step response of a short circuit (solid line) and a 25-Ohm
termination (dotted line).
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0/C Excitation
100R
Zo
25R
Impulse
Response
S/C
Figure 5-14: Impulse response of an Inductor termination.
0/C Step
ResponseExcitation
100R
Zo
25R
S/C
Figure 5-15: Step response of an Inductor termination.
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0/C Excitation
100R
Zo
25R
Impulse
Response
S/C
Figure 5-16: Impulse response of a capacitor termination.
0/C
Excitation
100R
Zo
25R Step
Response
S/C
Figure 5-17: Step response of a capacitor termination.
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The measurement equipment of particular interest for high frequency RTDR is the 
HP71500A Agilent Microwave Transition Analyser (MTA). The HP71500A MTA is a 
two-channel unit with a synthesised source capable of time domain measurement 
and display of CW and modulated signals up to 40 GHz. With 1pSec trigger accuracy 
to 40 GHz and lOpSec rise time capability it is well suited for high frequency step and 
impulse RTDR applications. A pulsed monostatic RTDR was implemented using the 
HP71500A MTA. Two monopole antennas were used with 2.44175 GHz centre 
frequency and VSWR of 2:1 over 350 MHz and 150 MHz. Helical antennas were also 
designed, constructed and used for this purpose, as discussed later.
A baseband pulse generator was used to generate repetitive square pulses of 0.25 
nSec duration, as illustrated in Figure 5-18 with the spectrum in Figure 5-19. Limited 
antenna return loss however contributed to multiple reflections between the pulse 
generator and the antenna input resulting in distortion to the backscattered signal. As 
a result receiver sensitivity was degraded, measurement system dynamic range 
reduced and interference/noise floor increased rendering the wanted signal 
undetectable. This situation was particularly poor since a simple T-splitter was used, 
which did not have the directivity of directional couplers and resistive bridges.
The HP71500A MTA was not available to conduct bistatic Reflectance 
measurements, as it is the property of the University of Kent. It should however be 
possible in the future to use the HP71500 MTA for bistatic Reflectance measurement 
with pulsed and continuous-frequency excitation. Bistatic Reflectance measurements 
don’t suffer from loss of measurement sensitivity because signal transmission and 
reception are with separate antennas. Transmit-receive antenna separation however 
is the limiting factor in determining the interference noise floor rather than reflections 
due to mismatch. With adequate transmit-receive antenna separation and narrow 
beamwidth, the interference is reduced to levels below the wanted forwardscatter.
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a(t)
0.25 nSec
1V
1 uSec
Figure 5-18: Baseband excitation signal square pulses of 0.25nSec duration 
and IV  amplitude, repetitive at the rate of 1MHz.
A(f)
Discrete spectral components 
1 MHz apart for PRF of 1 MHz
< >
Null-null BW 
8 GHz centred at dc
Figure 5-19: The spectrum of the baseband signal in Figure 5-18. The null-to- 
null bandwidth is 8GHz centred at dc, and the spectrum is discrete with 
frequency sampling points of 1MHz apart.
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5.4.3 Passband excitation signals
The excitation signal in RTDR consisted of baseband step or impulse functions 
transmitted in the direction of the target RF barcodes. The excitation signal in STDR 
consists of series of tones with equal frequency separation transmitted sequentially 
towards the RF barcodes, collectively forming a sampled bandpass spectrum. A 
more direct method would be to construct the bandpass excitation signal in the time 
domain. Such a bandpass time domain stimulus is constructed as a truncated 
sinusoidal pulse of given frequency and duration. In the frequency domain, the 
frequency of the sinusoid represents the centre frequency and the pulse duration 
defines the null-null bandwidth. This is illustrated in Figure 5-20 for a sinusoidal 
frequency of 1 GFIz and 5 ns duration. The resulting Sine function has a null-null 
bandwidth of 400MFIz as shown in Figure 5-21. The excitation signal of Figure 5-20 
is obtained by multiplying an infinite duration 1 GFIz sinusoidal excitation by a 
rectangular truncation window of 5 ns duration, where the magnitude of the window is 
unity for the duration of the window and zero elsewhere. Multiplication in the time 
domain is equivalent to convolution in the frequency domain between the spectrum of 
the sinusoidal signal and the spectrum of the rectangular window. The spectrum of a 
rectangular window of duration T is a sine function with a null-null bandwidth of 2 * 
1/T [11]. The sampled spectrum of Figure 5-21 is obtained when the signal of Figure 
5-20 is periodically repeated at some Pulse Repetition Frequency (PRF). For a PRF 
of 1 MFIz, the spectrum of Figure 5-21 is discrete and sampled at a 1 MHz resolution.
For an RF barcode reader in the frequency range 2.4000-2.4835 MHz, the centre 
frequency is selected at the mid-frequency point of 2.44175 GHz and the null-null 
bandwidth is chosen to be larger than the frequency range of the barcodes. For 
example a null-null bandwidth of 500 MHz would ensure adequate energy is 
transmitted within the frequency range of the barcodes. The period of a signal with a 
frequency of 2441.75 MHz is about 0.41 ns, and the pulse duration is 4 ns.
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a(t)
▲
Rectangular window 
duration = 5ns
7\
V V V V V
Sinusoid frequency 
Fc = 1 GHz
■ b  - a .
Figure 5-20: A sinusoidal pulse with 1 GHz centre frequency and 5 ns duration. 
When the truncated sinusoidal signal is repeated at 1 MHz Pulse Repetition 
Frequency (PRF), a sampled spectrum results as shown in Figure 5-21.
A(f)
Centre frequency 
1GHz
Discrete spectral components 
1 MHz apart for PRF of 1 MHzNull-null BW
400MHz
Figure 5-21: Sampled spectrum of the RF pulse of Figure 5-20, with 1 MHz 
discrete frequency components.
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Nearly ten cycles of the sinusoid are transmitted. Similarly for the 5150 MHz to 5350 
MHz band, the sinusoidal frequency is 5250 MHz (period of 0.19ns) and null-to-null 
bandwidth is 1.05 GHz, i.e. a truncation window duration of 1.9 ns. For the 5470 MHz 
to 5875 MHz band, the centre sinusoidal frequency is 5672.5 MHz (period of about 
0.18ns) and null-null bandwidth is 1.13 GHz, hence a truncation window of about 1.8 
ns duration. The null-null bandwidth of the RF pulse is larger than the frequency 
range of the RF barcodes to maximise the signal power at the barcode frequencies, 
since the signal energy gradually decreases away from the centre frequency as 
shown in Figure 5-20. It would also be feasible to transmit single-period pulses at 
2441.75 MHz and 5.5 GHz with 0.41 ns and 0.18 ns duration respectively. Each 
spectrum would be a sine functions centred at 2.441.75 MHz and 5.5 GHz, with a 
null-null bandwidth extending from dc to 2x2441.75 MHz and 2x5.5 GHz respectively, 
as illustrated in Figures 5-22 to 5-25. In order to sustain resonance, repetitive 
excitation of the RF barcodes is necessary as a means of re-energising the 
resonances. The resulting spectrum is discrete as shown in Figures 5-20 and 5-21. 
With different PRF, the separation of the spectral lines changes accordingly. 
However, unless the spectral components coincide with the resonant frequencies of 
the RF barcodes, no energy is coupled into the barcodes. This is overcome by 
randomly varying the RRF, which results in randomly positioned spectral lines and 
varying gaps to approximate the continuous spectra in Figures 5-23 and 5-25.
The obvious drawback with transmitting single-period sinusoids is that the excitation 
energy is spread over a relatively wide spectrum from dc to double the centre 
frequency. These signalling methods are used in radar and ultra wideband 
communication and positioning systems [7-10]. For RFID applications such 
broadband transmission techniques may not be feasible due to tight limits on 
emission levels. A better approach would be to transmit the sinusoidal excitations at 
each RF barcode frequency and select the truncation window so that the occupied
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null-to null bandwidth is confined to a small range of frequencies. For the 2.4 GHz RF 
barcodes of Table 4-3 with the bandwidths shown in Table 4-5, each sinusoidal 
frequency would be equal to the barcode centre frequency with about 100 ns 
duration, giving a null-null bandwidth of about 20 MHz. Similarly for the 5-6 GHz 
barcodes, the transmitted sinusoidal frequencies would match the barcode centre 
frequencies of Table 4-4 each with 40 ns truncation window resulting in a 50 MHz 
null-null bandwidth.
These relatively long-duration excitation signals are transmitted sequentially to 
energize the individual RF barcodes for the specified duration. Alternatively the 
individual truncated sinusoids are summed together and transmitted to 
simultaneously irradiate the RF barcodes in the field.
The duration of the excitation signals (100 ns and 40 ns for the two bands of interest) 
are longer than the signal return travel time for 1m read range, which is about 6.7ns. 
In monostatic readers, the usual problems associated with self-interference and 
desensitisation would occur as discussed earlier. Therefore the use of relatively 
longer duration bandpass excitation signals as described above would be more 
suitable for use with bistatic barcode readers.
In order to avoid self-interference and desensitisation problems, the positioning and 
design of antennas for reader transmitters and receivers must be carefully 
considered. Antenna selection and design issues are addressed in the next section; 
these take into consideration, in addition to antenna-to-antenna isolation, the 
broadband nature of the excitation signal, antenna gain, beamwidth and polarisation. 
Some of the antennas are commercially available while others were designed and 
constructed in-house.
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a(t)
Rectangular window 
duration = 0.41ns
Single period of a sinusoid signal with a 
frequency of 2441.75 MHz
Figure 5-22: A single period sinusoidal pulse with a frequency of 2441.75 MHz.
A(f)
Centre frequency 
'  2441.75 MHz
Null-null BW
4.88 GHz
4.88 GHz
Figure 5-23: The spectrum of the excitation signal of Figure 5-22. The spectrum 
is centred at 2441.75 MHz with a null-null bandwidth of 4.88 GHz between dc 
and 4.88 GHz.
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a(t)
▲
Rectangular window 
duration = 0.182 ns
Single period of a sinusoid signal with a 
frequency of 5.5 GHz
Figure 5-24: A single period excitation pulse with a frequency of 5.5 GHz.
A ( f )
Centre frequency 
5.5 GHz
Null-null BW
11 GHz
11 GHz
dc
Figure 5-25: The spectrum of the excitation signal of Figure 5-24. The spectrum 
is centred at 5.5 GHz with a null-null bandwidth of 11 GHz between dc and 11 
GHz.
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5.5 Broadband antennas for RF barcode readers
Broadband readers, in particular for the 5-6 GHz RF barcodes, require broadband 
antennas that operate over a wide range of frequencies. The precise meaning of the 
term “broadband” is arbitrary and rather vague in the antenna literature. It is agreed 
however that it refers to the relationship between the upper and lower frequency 
limits compared to the centre frequency, and satisfy a number of parameters such as 
gain, beamwidth, polarisation ...etc, [3, 4, 12]. The antenna bandwidth as a percent 
of the centre frequency is given as;
Bp = “ ~ ' .100 % (5-9)
Fc
Where Bp is the percentage bandwidth, Fu and Fl are the upper and lower frequency. 
Further, the bandwidth B is simply defined as the ratio between these two frequency 
limits:
Fu
B  =  J j -  (5.10)
For narrow band antennas the percentage bandwidth is used, whereas for wideband 
antennas the bandwidth ratio of Equation (5-10) is used.
Narrow band antennas are resonant structures where the current travels from the 
feed point towards the open end and it gets reflected with a consequent 180 degrees 
phase change setting up current standing waves. Resonant antennas such as the 
half wave dipole have narrow percentage bandwidth of about 8-16% [4].
On the other hand, a travelling wave antenna acts as a guiding structure with little or 
no reflection at the end. Since the antenna length is much longer compared to the 
wavelength, most of the signal energy is dissipated as it travels along the long wire 
with little power incident at the open ends. Usually, an antenna is classified as a
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broadband if the input impedance and radiation pattern don’t change significantly 
over about an octave bandwidth (Fu/Fl = 2) or greater, where the upper and lower 
frequencies are determined by VSWR = 2:1 [4].
The phase distortion parameter in broadband antennas is also important as a broad 
range of frequencies is transmitted simultaneously. Unless the antenna has linear 
phase characteristics, different frequency components in the transmitted signal 
undergo different delays resulting in a non-linear phase response. A number of 
antennas where designed. These included monopole, helical and ceramic resonator 
antennas.
5.5.1 Helical antenna design
Two helical endfire antennas were designed and constructed, one for the 2400- 
2483.5 MHz band and the other for the 5-6 GHz band. A helical endfire antenna is a 
wideband high gain circular polarised travelling wave electromagnetic radiating 
structures [12] constructed from a conducting wire wound as a screw thread and 
often used with a reflecting ground plane. The ground plane comes in a variety of 
shapes but is typically about V2 to % the wavelength. The helix consists of a number 
of turns N, spacing S, and diameter D. The design equations for helical antennas are 
found in the literature [3, 4, 12] and are not repeated here. The design parameters 
are given in Table (5-2) for the centre frequencies 2.45 GHz and 5.5 GHz. The two 
antennas are shown in Figure 5-26. The gain of the antennas is about 19 dBi with 
relatively narrow beamwidth and circular polarisation. The input return loss for the 
antennas was about 6 dB, and using standard matching techniques the input return 
loss for each antenna was optimised to about 10 dB over the bands of operation.
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Figure 5-26: Helical endfire antennas designed for operation at 2.4-2.S GHz 
(right) and 5-6 GHz (left).
Frequency of operation, GHz 5.5 2.45
Pitch angle a, deg 13 13
Number of turns of helix N 20 20
Turn spacing S, m 0.014 0.03
Loop diameter D, m 0.02 0.04
C, m 0.06 0.13
Length of turn Lo, m 0.06 0.14
Total Wire length, m 1.21 2.72
Total antenna length, m 0.27 0.61
Nominal input impedance. Ohm 152 152
HPBW beamwidth, deg 22 22
Null-null beamwidth, deg 48 48
Directivity, Do 88 88
Antenna gain, dBi 19 19
Axial ratio AR 1.025 1.025
Ground plane diameter, m 0.027 0.061
Table 5-2: Design parameters for the axial mode helical endfire antennas.
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The following design assumptions were used:
Loop diameter (D) & spacing (S) must be large fractions of X
For circular polarization, 3/4 < C/X> 4/3, with C/X =1 near optimum, 
with S ~ 1/4]
The pitch angle 12 deg =< a >= 14 deg 
Ground plane diameter 1/2 min 
N >3
3/4 < C/X > 4/3 
12°<a>14°
5.5.2 Dielectric resonator antennas
It was shown in Chapter 2 that there are four different types of losses associated with 
microstrip antennas. These losses included conductor losses due to Ohmic 
resistance associated with metalization of the radiating patch and the groundplane, 
and radiation losses due to antenna radiation resistance. Other losses include 
surface wave losses due to waves set up in the dielectric substrate between the two 
surfaces of the microstrip antenna structure, namely the radiating patch and the 
groundplane. Finally, there are dielectric losses determined from the loss tangent of 
the dielectric material.
It is a design aim to maximise the antenna radiation losses hence the radiation 
efficiency. With the correct choice of the dielectric loss tangent and substrate 
thickness, both dielectric and surface wave losses can be minimised. Conduction 
losses are therefore the dominant factor determining antenna losses and the antenna 
radiation efficiency, quality factor and the bandwidth.
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The quality factor (due to conduction losses only) is given as [13]:
Q ,  = h l Q r F , n „ a y ' ' ^  (5-11)
Where h is the substrate height, 5  the resonance frequency, |io is the permeability of
free space (0.4ti x10 ® A/m) and a  is the average conductivity of the radiating patch 
and the ground plane. Equation (5-11) can be written as:
Q c  =  Y  (5-12)
Where 6 is the skin depth given by [13]:
S =  (5-13)
For an antenna, the quality factor due to conduction losses at a given frequency is a 
function of the substrate thickness h, where a thicker substrate results in higher 
quality factor and narrower bandwidth. It would therefore seem logical to increase the 
substrate thickness in order to reduce conduction losses. Increased substrate 
thickness however can lead to the introduction of surface waves and a reduction in 
the overall quality factor.
Dielectric resonators (DRs) have no conduction losses, they are made from high 
permittivity materials with dielectric constant Er> 10 [14]. They are traditionally used
as energy storage devices in high Q voltage controlled oscillators and filters. 
However, since the only loss in DRs is due to imperfect dielectric material, which is 
small in practice, these devices can also make efficient radiators. A dielectric 
resonator antenna (DRA) excited at the fundamental mode radiates like a magnetic 
dipole with the entire surface as the radiating element, except the grounded part. In 
theory, this should allow for wider impedance bandwidth compared to microstrip 
antennas, which only radiate at the two narrow slots at the opposite ends along the
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resonant length, between the patch metalization and the groundplane as illustrated 
by Figures 4-1 and 4-5.
Dielectric resonator antennas can be designed using cylindrical, hemi-spherical or 
rectangular shapes [14]. Rectangular DRAs are the easiest shape to produce and 
intuitive to understand using the dielectric filled waveguide model. Like microstrip 
antennas, the wavelength inside the DRA is smaller that the air wavelength by a
factor of 1/(8r) Using a higher dielectric constant would result in physically smaller
and lower profile DRAs. However, a higher dielectric constant results in a narrower 
impedance bandwidth. Some bandwidth enhancement techniques were considered, 
such as air coupling multiple resonators of different resonant frequencies. Due to the 
apparent complexity of the technique and the eventual aim of designing DRA arrays, 
coupled resonator design was not taken further.
Other bandwidth enhancement techniques include lowering the quality factor of the 
DRA by using lower permittivity material and impedance matching networks. Such 
networks are widely used in RF circuits to match a source impedance (often 50 Ohm) 
to a higher or lower load impedance. These techniques include L, PI and T matching 
networks to realize a specific quality factor [15]. Often however the quality factor of 
the matching components such as inductors and capacitors are the limiting factor, 
and distributed rather than lumped matching is used. Distributed matching suffers 
from the same losses as microstrip antennas.
There are no closed form analytical methods for analysing rectangular DRAs. 
Numerical simulation techniques are needed. A simple waveguide analysis was 
adopted to predict the resonant frequency and quality factor. The rectangular model 
[16] as illustrated in Figure 5-27 consists of width a, height b, with the wave 
propagating along the length c in the z-direction. In practice, the DRA is placed on a 
substrate with a suitable feed. Different feed arrangements exist [14], such as slot-
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feed, probe-feed, microstrip-feed and coplanar line feed. The slot feed as shown in 
Figure (5-28) was considered simple to re-produce and optimise. It consisted of a 
laminated substrate with a solid groundplane on one side and a microstrip line on the 
other. The DRA is placed on a slot in the groundplane perpendicular to the microstrip 
line, at an offset from the microstrip end. The aperture allows magnetic field parallel 
to the length of the slot to be coupled from the microstrip line to the DRA. The slot 
width is varied for optimum coupling while the microstrip stub length is changed to 
match out any reactive components in the slot aperture.
b
Z
>  X
Figure 5-27: Dielectric waveguide model for rectangular dielectric resonator 
antennas.
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Slot feed on groundplane
Solid ground plane
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Magnetic fields
Figure 5-28: Aperture-coupled rectangular DRA with a microstrip line feed on
opposite side of the substrate.
For a practical antenna on a groundplane, the height h is halved (i.e. h=b/2) using 
image theory [14]. The lowest order field configurations for a rectangular DRA with 
dimensions a, b < d is TE^ii and the resonant frequency is given by:
f o  ~
c .F
2 Tta
(5-14)
Where c is the speed of light, a is the DRA width and F is a normalised frequency 
constant plotted as a function of DRA dimension ratios d/b for different values of a/b 
[14].
For example, for a = b = d = 10 mm, F is given as 5 [14], hence the resonant 
frequency fo is calculated as 7.55 GHz for £r= 10. Also for a = 8 mm, b = 11 mm, d =
12 mm, £r = 20, and F = 4.5, the resonant frequency is calculated as 6 GHz. For 
barcode reader antennas, single element DRAs were designed with a higher 
resonant frequency to account for the expected loading effect and detuning due to 
the feed circuitry and when the DRA is placed on the groundplane. For 2.44175 GHz,
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the centre frequency was chosen about 20% higher, i.e. 2.9 GHz using a/b = d/b = 1 
and F = 5. The DRA dimensions were calculated as a = b = c = 18.4 mm for £r= 20,
and a = b = c = 26 mm for Ff=10.
For the 5-6 GHz bands, separate DRA are needed for the sub-bands 5.15-5.35 GHz, 
5.47-5.67 GHz and 5.67-5.875 GHz. Again the centre frequencies were designed 
20% higher. The design parameters are summarised in Table (5-3).
The impedance bandwidth (BW) of the DRA is estimated from the radiation quality 
factor (Q) using [14]:
BW =  ^ (5-15)
Q V F
Where S is the acceptable VSWR (usually taken as 2:1), and Q is the quality factor 
calculated from the normalised quality factor Qe using;
Q = Q e - { £ r Ÿ ' ^  (5-16)
The normalised quality factor Qe is a function of the DRA dimensions a/b and d/b 
and the material dielectric constant taken from look-up graphs in [14]. For example,
for the DRA dimensions and 8r values in Table (5-3), the Qe values are summarised 
in Table (5-4).
The quality factors due to radiation loss were calculated as shown in Table (5-5), the 
results also include the predicted operational bandwidth. The bandwidth calculation is 
shown for the wanted and the designed centre frequency. The bandwidth
calculations were performed for 8r =10 and 8r = 20. For each case the dimension 
ratios a/b =0.5, d/b = 1 and a/b = d/b =1 were considered.
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No.
Frequency
(GHz)
Er a/b F
Dimension
(mm)
Wanted Designed a b ,d
1
10
1 5 26 26
2
2.44175 2.9
0.5 3.5 18.2 36.4
3
20
1 5 18.4 18.4
4 0.5 3.5 12.9 25.8
5
10
1 5 12 12
6
5.25 6.3
0.5 3.5 8.4 16.8
7
20
1 5 8.5 8.5
8 0.5 3.5 6 12
9
10
1 5 11.1 11.1
10
5.57 6.7
0.5 3.5 7.8 15.6
11
20
1 5 7.9 7.9
12 0.5 3.5 5.5 11
13
10
1 5 10.9 10.9
14
5.77 6.924
0.5 3.5 7.6 15.3
15
20
1 5 7.7 7.7
16 0.5 3.5 5.4 10.8
Table 5-3: Rectangular DRA dimensions a, b and d for antenna resonant 
frequencies 2.4175 MHz and the 3 sub-band centre frequencies within the 5-6 
GHz band using dielectric constants Er = 10 and 20, and dimension ratios a/b 
=1, d/b=1 with normalised frequency F = 5, and a/b=0.5, d/b = 1 with normalised 
frequency F = 3.5.
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Qe a/b d/b Er
0.245
1
1
10
0.215 20
0.165
0.5
10
0.1475 20
Table 5-4: Normalised quality factor values for the DRA dimensions and 
dielectric constants in Table (5-3).
It is evident that a higher quality factor and hence lower bandwidth is realised with Er
= 20 than Er = 10. Lower values of the dielectric constant result in physically large
DRA blocks especially in the 2.4 GHz band making them unsuitable for practical RF 
barcode reader antennas and arrays.
In the 5-6 GHz band, the resulting DRAs (with Er = 10) are also considered physically
large and bulky, especially with a view of incorporating them into DRA arrays to 
realise high directivity and narrow beamwidth similar to what is achievable with 
helical antennas.
On the other hand, 5-6 GHz DRAs with Er = 20 and a = b = d form factor are
acceptable in terms of physical size and weight. The resulting bandwidth however is 
only around 200 MHz; this would make it necessary to adopt three different antenna 
designs for the RF barcode readers to cover the 5-6 GHz.
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No.
Frequency
|r\;;l(GHzy;:v _ Er V a/b ÿ-O e# %BW
BW (MHz)
Wanted Designed Wanted Designed
1
10
1 0.245 7.75 9.13 223 265
2
2.44175 2.9
0.5 0.165 5.22 13.55 330 393
3
20
1 0.215 19.23 3.68 90 106
4 0.5 0.1475 13.2 5.36 131 155
5
10
1 0.245 7.75 9.13 479 575
6
5.25 6.3
0.5 0.165 5.22 13.55 711 854
7
20
44 0.215 19.23 3.68 193 231
8 0.5 0.1475 13'2 5.36 281 338
9
10
1 0.245 7.75 9.13 508 612
10
5.57 6.7
0.5 0.165 5.22 13.55 768 908
11
20
1 0.215 19.23 3.68 205 246
12 0.5 0.1475 13.2 5.36 299 359
13
10
1 0.245 7.75 9.13 527 632
14
5.77 6.924
0.5 0.165 5.22 13.55 782 938
15
20
1 0.215 19.23 3.68 212 254
16 0.5 0.1475 13.2 5.36 309 371
Table 5-5: The calculated quality factors and bandwidth for the rectangular 
DRAs in Table (5-3).
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5.5.3 DRA arrays
The radiation pattern of a single element DRA is relatively wide and provides a low 
value of antenna directivity (gain) [14]. The beamwidth of a single element aperture- 
fed DRA is similar to that of a wire monopole antenna. For RF barcode readers, high 
gain antennas with narrow beams are required in order to achieve the desired read- 
range in the field. The compact nature of DRAs is a convenient feature that allows for 
identical DRAs to be arranged as a linear or two-dimensional array.
An array radiation pattern is the vector sum of the individual fields from the elements. 
The array is designed so that individual patterns add constructively in a particular 
direction and cancel in others, producing the desired beamwidth and directivity. 
There are a number of determining factors that shape the resulting beam pattern 
such as individual element separation, array shape and geometry, excitation 
magnitude and phase and individual element radiation pattern. These parameters 
contribute to the Array Factor (AF), and the individual radiation pattern is multiplied 
by the array factor to gives the array radiation pattern.
A DRA array is used to enhance the directivity and the beamwidth of single element 
DRA with omni-directional pattern and low directivity. The actual radiation pattern and 
directivity of a single element DRA depends on the feed mechanism and final 
mechanical construction. By arranging the DRAs in a simple two-dimensional 
geometrical pattern such as a square, rectangle...etc, the critical parameters are 
modified by the array factor. When all array elements are fed with equal magnitude, 
the array factor is determined from array shape, element separation and the 
excitation phase angle. The normalised array factor for a two-element array is given 
by [3]:
A F  ^ =  cos[ 0.5(kd  cos 0  -F J3)] (5-17)
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, 271
And: k =  —  (5-18)
Where X is the wavelength, d is the element-element separation, (3 is the excitation 
phase difference, and 0 is the far field observation angle with respect to the 
broadside. With d = X/4 and p = 0, the normalised array factor is given by [3]:
K
AF^ = co s [— cos Û] (5 -1 9 )
The maximum array factor is at 0 = 0° and the null is at 0 = 90°. At AF = 1, the two 
radiation patterns add constructively and the overall directivity is enhanced by 3 dB. 
Whereas at AF = 0, the radiation patterns cancel out. In an N element uniform linear 
array, individual antennas are arranged in one direction with equal separation and 
equal magnitude signal feed. The phase of the feeding signals are progressively 
increased by p. In non-uniform arrays, the feed current magnitude is also varied. The 
normalised array factor for a multi-element array can be expressed in a compact 
closed form as:
Where: Y  = kd cos Û +  (5-21)
The array factor has a maximum absolute value of N and maximum normalised value 
of 1, which occurs when Y = 0, at an observation angle 0m given by:
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The calculation of the array factor as given by Equation (5-20) applies to one­
dimensional linear arrays, where the antennas are arranged in a line horizontally or 
vertically.
In a two dimensional array, the array factor is calculated for one dimension, then the 
linear array is regarded as a single element antenna, which in turn is arrayed in the 
horizontal direction. For each dimension the array factor is calculated separately. If 
there were N vertical array and M antennas in each linear array, the maximum array 
factor is given by NxM.
In Figure 5-29, the radiation pattern is shown for a vertical array consisting of 2 
antenna elements with zero current phase difference and equal magnitude. The 
normalised array factor is 1. The direction of maximum radiation is in the broadside 
where 0 = 90°. The half power beamwidth for the array factor is about 80°.
Z
▲
180
Figure 5-29: The radiation pattern for a linear vertical array with 2 antenna 
elements separated by half a wavelength and fed with identical magnitude and 
phase.
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In figure 5-30, the normalised radiation pattern is shown for a vertical array consisting 
of four elements separated by X/2 and all fed with identical amplitude and phase. The 
half power vertical beamwidth can be approximated from the plot at 40°. If four such 
arrays are stacked alongside one another with half wavelength separation, the 
horizontal array factor becomes 4 with the same horizontal half power beamwidth. 
The final two-dimensional array will have a total array factor of 16 and half-power 
beamwidth of about 40° in the horizontal and vertical dimensions.
Z
▲
X
Figure 5-30: Calculated radiation pattern for a uniform 4 element linear array, 
with half wavelength element separation.
The radiation pattern for the arrays does not represent the shape of the actual 
radiation pattern; it represents the multiplication factor or the scaling factor by which 
the radiation pattern of the individual antennas is multiplied.
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If the feed current progressive phase was not equal to zero, the direction of 
maximum scaling factor changes away from broadside. Figure 5-31 illustrates this for 
a 4-element vertical linear array with À/2 element separation and progressive feed 
current phase of -90°. The direction of maximum array factor is tilted upwards in the 
direction 9 = 60°. With -180° progressive phases, the radiation pattern-scaling factor 
has a maximum in the upward direction and the resulting pattern is an endfire rather 
than broadside array type as shown in Figure 5-32.
Figure 5-31: Calculated radiation pattern for a uniform 4-elements linear array 
with half-wavelength separation and -90° progressive current feed.
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Figure 5-32: Calculated radiation pattern for a uniform 4-element linear array 
with half-wavelength separation and -180° progressive current feed.
The directivity of a broadside or end fire array is a design figure of merit. For array 
length L = d (N-1), then a large uniform array, where L »  d, and small element 
spacing (d «  X), the directivity of the array Do is approximated as:
Do = 2 N  ( — ) (5-23)
À
And the array gain is given as:
Go = 10 Log (D o  ) (5-24)
Where Do is dimensionless and Go is in dB. Therefore for a 3 element linear array 
with half wavelength separation and antenna centre frequencies of 2.44175 GHz, the 
array gain is calculated using Equations (5-23) and (5-24) as 4.8 dB. Similarly, for a 4 
element linear array with half wavelength separation and antenna centre frequencies 
of 5.5 GHz, the array gain is calculated 6 dB. Although antenna arrays were not
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implemented using DRAs as was originally intended for the reason discussed earlier, 
these calculated values for a 3 element and 4 element linear arrays will be used in 
the next section to estimate the overall array gains for the 3x3 and 4x4 patch arrays 
for reader antennas for the 2.4-2.44175 GHz and 5-6 GHz RF barcodes respectively.
5.5.4 Patch arrays
In addition to the helical antennas and DRAs, two different patch arrays were tried; 
these are shown in Figure 5-33 and a summary of their parameters is given in Table 
5-6. The antennas consist of 3x3 patch array for the 2.4-2.5GHz band and 4x4 patch 
array for the 5-6 GHz bands. They were used as part of the reader set-up for 
detecting the RF barcodes and supplied by European Antennas [17].
The individual patches are square with length and width dimensions of about half 
wavelength at the respective band centre frequencies. As discussed previously, the 
length of the microstrip dipole determines the antenna resonant frequency and the 
width determines the bandwidth. The bandwidth is maximised as the patch width 
approaches the length, sometimes referred to as “fat dipole”. Placing parasitic 
metallic “directors” in front of the radiating elements, at some optimised distance, 
further enhances the antenna bandwidth. The space between the radiating patch and 
the parasitic elements is air filled for minimum dielectric constant.
Following extensive trials and experimentations using monopoles, helical antennas 
and DRAs, the patch arrays were discovered to be the only suitable antennas for RF 
barcode readers, as they met a number of design requirements. These included 
broad bandwidth, high gain and narrow beamwidth. The patch arrays also come with 
vertical and horizontal polarisation depending on which feed is used. While the 
helical antennas did offer similar performance, circular polarisation seemed to 
degrade reader performance since the RF barcode are vertically polarised. The 
DRAs on the other hand have relatively narrow bandwidths, which made each
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antenna design critical and hard to optimise. In a 4x4 array the performance was 
difficult to control and optimise. The individual DRAs had to be cut and tested each 
time in the mechanical workshops using specialised tools. Further, each DRA 
position on the feed slot had to be optimised following design iterations.
For two-dimensional patch arrays of 3x3 and 4x4 elements, the overall gain is 
increased. In the case of the 2.4-2.5 GFIz 3x3 patch array the array gain is calculated 
as 9.6 dB. For the 5-6 GFIz 4x4 array the overall antenna gain is calculated as 12 dB. 
Allowing for some gain drop due to implementation losses and assuming about 6 dBi 
gain for each patch element, the quoted antenna gains are 14 dBi and 17 dBi for the 
2.4-2.5 GFIz and 5-6 GFIz bands respectively.
1
I I ■ ■
Figure 5-33: Patch array antennas used for the 2.4-2.5 GHz band (left) and the 
5-6 GHz band (right).
Table 5-6: Patch array antenna parameters.
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Frequency of operation, GHz 2.3-2.5 5-6
Gain, dBi 14 17
HPBW beamwidth, deg
36 H 
36 V
18H
18V
Null-Null beamwidth, deg
60 H 
60 V
60 H 
60 V
Nominal input impedance. Ohm 50 50
VSWR, max 2:1 2:1
Antenna directivity 25 50
Antenna gain, dB 14 17
Dimensions, mm 200x200x10
Polarisation HA/ HN
The quoted half power beamwidths are 36° for the 2.4 GHz array and 18° for the 5-6 
GHz array in the horizontal and vertical directions as given in Table 5-6. The azimuth 
and elevation radiation patterns for the 5-6 GHz patch array is shown in Figures 5-34 
and 5-35 at 5.5 GHz centre frequency. These radiation patterns are plotted from the 
data in Appendix I.
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Figure 5- 34: Measured azimuth radiation pattern at 5.5 GHz for the 4x4 5-6 GHz 
patch array plotted from data in Appendix I.
Figure 5- 35: Measured elevation radiation pattern at 5.5 GHz for the 4x4 5-6 
GHz patch array plotted from data in Appendix I.
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Monostatic detection was unsuccessful with pulsed and continuous frequency 
excitations because of limited directivity and multiple reflections as discussed before. 
Bistatic detection was implemented using two patch arrays as transmit and receive 
antennas, with about 1m antenna-to-antenna separation.
With bistatic detection, measurement dynamic range is a function of multipath 
interference and antenna-antenna coupling. With narrow beamwidth offered by the 
patch arrays and the antennas 1m apart, up to 100 dB antenna isolation was 
available in theory. The isolation was not confirmed in practice because of dynamic 
range limitation of available test equipment.
Finally, the use of continuous frequency swept excitation signals was preferred as 
the simpler of the two signalling techniques for bistatic barcode readers using readily 
available S21 measurement function from Agilent 8753C network analyser.
5.6 Bistatic RF barcode readers
There are subtle differences between reader designs using pulse and swept 
frequency excitation. In each case there are advantages and disadvantages, largely 
dependent on whether the detection is a monostatic or bistatic. Some of these 
differences were discussed earlier in this Chapter and will now be expanded further.
The disadvantages of implementing monostatic readers have been discussed in 
previous sections for different excitation signals.
The alternative is to transmit a frequency-swept excitation by the reader to 
interrogate the RF barcodes sequentially moving from one resonant frequency to 
another to cover the resonances of all the barcodes in the field. Swept frequency 
excitation can be implemented using linear as well as stepped sweep. In order to 
understand some of the issues, some simulation was carried out using High 
Frequency Structural Simulator (HFSS) from ANSOFT.
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To begin with a monostatic detection reader was simulated using the built-in S11 
function. The simulation set-up is shown in Figures 5-36 and 5-37. In Figure 5-36, a 
single RF barcode is placed in the simulation area and excited by an HFSS wave 
probe (shown as a red rectangular patch on top). The excitation signal polarisation is 
shown in Figure 5-37 as the same as the orientation of the RF barcode. The barcode 
resonant frequency was taken as 5.5 GHz. Using this set-up it should be possible to 
use both pulsed and continuous frequency excitation radiated from the excitation 
wave front.
Transmitting
Waveport
Simulated RF 
barcode on
substrate
Simulation
boundary
Figure 5-36: Monostatic reader simulation using HFSS. The excitation wave 
probe is used to transmit pulsed or continuous wave towards the 5.5 GHz RF 
barcode in the middle of the simulation area.
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Polarisation of
transmitting
Waveport
Figure 5-37: The polarisation of the wave port used in the S11 simulation.
The RF barcode sample that was used in the HFSS simulation was designed to 
simulate the structure and construction of the RF barcodes of Chapter 4. It consisted 
of a two-sided laminate with 2.2 dielectric constant with a copper groundplane on the 
lower side and a rectangular microstrip metallic structure to simulated the resonant 
dipole on top.
Using the same RF barcode, a bistatic RF barcode reader simulation was 
implemented using HFSS as shown in Figures 5-38 to 5-40. The S21 function of the 
HFSS in-built wave port excitation was used to simulate the function of a bistatic 
reader. The polarisation of the transmitting and receiving ports were selected to be 
the same as the orientation of the RF barcode in the middle of the simulation area. 
As before, the dimensions of the RF barcode were chosen so that the resonant 
frequency is 5.5 GHz, the midpoint for the 5-6 GHz bands.
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T ransmitting 
Waveport
Receiving
Waveport
Figure 5-38: Bistatic reader simulation using HFSS. The excitation wave probe 
is used to transmit pulsed or continuous wave towards the 5.5 GHz RF barcode 
in the middle of the simulation area.
Polarisation of
transmitting
Waveport
Figure 5-39: The polarisation of the transmitting wave port used in the S21 
simulation.
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Polarisation of 
receiving Waveport
Figure 5-40: The polarisation of the receiving wave port used in the S21 
simulation.
Unfortunately, both monostatic and bistatic reader simulation results were found to 
be inconsistent with expectations. In both cases, using frequency swept excitation, 
the results failed to show any resonances at 5.5 GHz, the designed resonance 
frequency of the RF barcode sample in the simulation. Further, no resonances were 
detectable in the 5-6 GHz or 1-10 GHz frequency ranges. These results are 
inconsistent with practical findings using bistatic reader as shown later.
It was therefore concluded that the reasons lay in the particularities of the HFSS tool 
in particular the wave port excitation probe. Other EMC simulation packages would 
probably yield different results, more consistent with practical findings. Time domain 
simulation tools should be tried in the future.
The HFSS simulation was however used successfully in determining the radiation 
pattern of centre-fed and end-fed RF barcodes as shown in Figures (5-41) and (5- 
42). The wave port excitation function was not used; instead probe excitation was 
found more suitable.
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End feed of 
simulated RF
barcode on substrate
-30
-60
-90
-120 120
-150 150
-180
6.0 -15.8
Figure 5-41: HFSS simulation of RF barcode radiation pattern for an end-fed RF 
barcode.
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End feed of 
simulated RF 
barcode on 
substrate
-30
/
30
- 6 0 ^  \ # 0 3  / \  \
f
A x /  / 7
1 2 ( ^  \ \  / / /
150
Figure 5-42: HFSS simulation of RF barcode radiation pattern for a mid-point 
RF barcode.
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5.7 Measurement results: 2.4 GHz band
Although bistatic reader design is based on using the S21 measurement, there are 
no insertion loss measurements involved and only barcode reflections and scattering 
are detected. A new name was adopted for this type of measurement, where forward 
reflection measurement is made using network S21 measurement. This 
measurement was called “Reflectance” measurement. In a Reflectance 
measurement the barcodes, illuminated from one direction, scatter the incident 
energy in the direction of the receiving antenna at a different direction; hence the 
implemented bistatic detection is actually a “Forwardscattering Reflectance 
Measurement”.
The 2400-2483.5 MHz RF barcodes of Chapter 4 were used with barcode lengths 
fixed at 43mm and each width was varied to control the dipole resonant frequency. It 
was discovered that using width variation, rather than length, allowed for finer tuning 
and control of the resonant frequency for each barcode.
Using near field probes of Figure 4-8a, the resonant frequency, bandwidth and 
quality factor of each barcode was measured as shown in Figure 4-8b. These 
measured values were compared against calculated values using different values of 
the effective dielectric constant, as was discussed in detail in Chapter 4.
The measurement setup is shown in Figure 5-43 [18]. The reader consists of two 
directional patch array antennas of 14 dBi gain and azimuth and elevation 
beamwidths of 36 degrees. The antennas are connected to a network analyser to 
perform an S21 measurement. The antenna bandwidth is defined in terms of its input 
return loss, which is 10 dB minimum, i.e. better than 2:1 VSWR over the frequency 
range of operation, namely 2400-2483.5 MHz.
Antenna to antenna separation was about 1 m and each antenna to barcode distance 
was about 0.5m. Therefore, the distance from the transmitting antenna to the
172
Chapter 5. RF barcode Reader Design and Measurement Results.
barcodes and back to the receiving antenna was equal to the distance between the 
two antennas. This ensured total antenna isolation of about 100 dB in theory, as a 
result of antenna separation and narrow beamwidth. The amount of isolation was not 
quantified as it was below the measurement range of the S21 measurement in the 
network analyzer and no antenna-antenna coupling was detectable.
A 5-bit codeword was used with the reader system of Figure 5-43. The barcodes, 
which were used to make up the codeword, were taken from the barcode 2.4 GFIz 
RF barcodes in Chapter 4. These were the barcodes 1, 2, 4, 6 and 7. These 
barcodes were cut up and individually placed in front of the absorbant foam in two 
combinations to make up the code words 10010 and 10110 as shown in Figure 5-44 
and Figure 5-45 respectively.
Figure 5-43: Bistatic Reflectance measurement system for RF barcodes in the 
2400-2483.5 MHz.
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25 Mar 2005 2 0 :1 5 :1 6  
l: -1 6 .4 4 2  dB 2 398.217 005 MHzm MEM LOG 1 dB/REF -1 5  dB
«
CHI M arkers
2 :-13 .427  dB 
2.42426  GHz
3:-13 .201  dB 
2 .44349  GHz
5:-12 .719  dB 
2 .48000  GHz
t
START 2 380. STOP 2 500.000 000 MHz
Figure 5-44: Bistatic Reflectance measurement results using the bistatic
reader of Figure 5-43 at 0.5m read range for 5-bit RF barcode representing 
codeword 10010, where a ‘1’ is indicated by a ‘null’ or RF energy absorption at 
the corresponding frequency. The maximum permissible EIRP of 500mW was 
used at the transmitter in Figure 5-43.
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25 Mar 2005 2 2 :1 0 :2 7  
l ; - i l . 5 5 6  dB 2 400.000 0MEM LOG 1 dB/REF -1 0  dB MHz
*
CHI M arkers
2:-9 .8427  dB 
2.42000  GHz
3:-10 .874  dB 
2.44000  GHz
4:-9 .4402  dB 
2 .46000  GHz
5:-13 .257  dB 
2.48507  GHz
t
START ? .9R0.FIPW ABA MH? STOP ? 500.000 A00 MHz
Figure 5-45: Bistatic Reflectance measurement results using the bistatic reader 
of Figure 5-40 at 0.5m read range for 5-bit RF barcode representing codeword 
10101, where a ‘V  is indicated by a ‘null’ or RF energy absorption at the 
corresponding frequency. The maximum permissible EIRP of 500mW was 
used at the transmitter in Figure 5-43.
175
Chapter 5. RF barcode Reader Design and Measurement Results.
5.8 Measurement results: 5-6 GHz bands
In order to maximise the number of RF barcodes in a given frequency band, it is 
sometimes necessary to utilise both length and width variation in the design of RF 
barcodes. This is especially true in frequency bands with relatively wide span such 
the wider 5-6 GHz frequency ranges, where the resonant frequencies of some RF 
barcodes are nearly 1 GHz apart. The frequency bands in the 5-6 GHz bands, which 
include the two 5150-5350 MHz and 5470-5875 MHz subbands, cover 350 MHz and 
405 MHz respectively, compared to the 83.5 MHz of frequency, as is the case in the 
2400-2483.5 MHz. Hence, frequency control based on width-only variation would 
therefore result either in dipoles which are either too narrow or too wide. Narrow 
dipoles can become difficult to produce due to etching tolerances, while wide dipoles, 
with dipole width to wavelength ratio (W/Xo) > 0.05, would violate the microstrip 
dipole design rules which were discussed in Chapter 2. The above condition is one of 
the assumptions for accurately designing microstrip dipoles. Finally, wide barcodes 
have wide bandwidth, which mean fewer barcodes in the allowable frequency bands.
The 5-6 GHz barcodes of Chapter 4 were used to test the 5-6 GHz RF barcode 
reader design. The barcodes were designed with varying lengths and widths to gain 
further degree of freedom in fine-tuning the resonant frequency of the each dipole to 
increase the number of barcodes in the allowable bands [19, 20].
The general shape of these dipoles is illustrated in Figure 5-46. In addition to these, 
another type of RF barcodes was designed and tested; these are shown in Figures 5- 
47 and 5-48. These RF barcodes consist split dipoles of identical lengths, widths and 
gaps between the two arms of each dipole [21]. The dimensions of these split dipoles 
are given in Table 5-7.
The reader setup is shown in Figure 5-49 and the measurement results are shown in 
Figures 5-50 and 5-51. The reader consists of two directional patch array antennas of
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17 dBi gain and azimuth and elevation beamwidths of 18 degrees. The antennas are 
connected to a network analyser to perform Reflectance measurement. Antenna to 
antenna separation was about 1m and maximum antenna to barcode distance, and 
the detection or the read range, was about 1.5m for the solid dipoles and 1 m for the 
split dipoles.
Figure 5-46: RF barcodes with vaying lengths and widths.
I I I I I I I I I I I 
I I I I I I I I I I I
1 2 3 4 5 6 9 10 11
Figure 5-47: Split dipoles with identical length, width and gap between the two 
arms used as capacitor-tuned RF barcodes.
Figure 5-48: Capacitor-tuned spilt dipoles of identical dimensions.
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RF barcode
Length
(mm)
Width
(mm)
Gap Capacitor 
(PF)
Resonant Frequency 
(MHz)
1 5.6 5155
2 4.7 5245
3 3.9 5280
4 3.3 5340
5 2.2 5500
6 18 2.6 2.0 5560
7 1.8 5610
8 1.5 5715
9 1.2 5820
10 1.1 5930
11 1.0 >6
Table 5-7: Identical RF barcodes used with centre capacitor tuning.
I I 1 1
I I I !
m.
Figure 5-49: Bistatic Reflectance measurement system for the 5-6 GHz RF
barcodes.
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30 Nov 2004 1 5 :5 8 :1 5
l:-2 9 .3 3 9  dB 5 474.000 0CHI MEM LOG 2 dB/REF -2 0 MHz
CHI M arkers
2:-2  9.311 dB 
5.60460 GHz
3:-29.678 dB 
5.68630 GHz
4:-28.995 dB 
5.81977 GHz
5:-32.583 dB 
5.88500 GHz
Hid
S21 LOG 2 dB/REF -2 0  dB l:-2 6 .8 0 9  dB 5 474.000 000 MHz
CH2 Markers
2:-29.158 dB 
5.60460 GHz
3:-21.245 dB 
5.68630 GHz
4:-28.577 dB 
5.81977 GHz
5:—25.366 dB 
5.88500 GHz
H id
START 5 400.000 000 MHz STOP 6 000.000 000 MHz
Figure 5-50: Bistatic Reflectance measurement results using the detection 
system in Figure 5-49 at 1.5m read range for 5-bit solid dipole RF barcodes 
with varying lengths and widths. The 5-bit code represents the codeword 11111 
(top) and 11010 (bottom), where a ‘1’ is indicated by a ‘null’ or RF energy 
absorption at the corresponding frequency. The maximum permissible EIRP of 
500mW was used at the transmitter.
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13 Feb 2005  0 1 :2 4 :2 2  
l:-18 .0& 8 dB 5 176 .2 0 0  002 MHzCHI MEM LOG 1 dB/REF -1 5
CHI M arkers
2:-2  0.3 31 dB 
5 .28 0 4 0  GHz
3 :-1 9 .2 2 7  dB 
5 .48 6 8 0  GHz
R^m    _
4 '-1 6 .7 4 6  dB 
5 .55890  GHz
5 :-2 0 .9 1 8  dB 
5 .72110  GHz
MEM LOG 1 dB/REF -1 5  dB l; -2 1 .4 3 4  dB 5 176. 002 MHz
CH2 M arkers
2 :-2 1 .6 0 8  dB 
5 .28 0 4 0  GHz
3:-1 8 .1 1 2  dB 
5 .48 6 8 0  GHz
»Rm
4 :-2 0 .1 2 0  dB 
5 .55 8 9 0  GHz 4...... ...
5 :-1 6 .2 4 3  dB 
5 .72110  GHz
START 5 000 .000  0 00  MHz STOP 6 000 .000  00 0  MHz
Figure 5-51: Bistatic Reflectance measurement results using the measurement 
system shown in Figure 5-49 at a read range of 1 m. Capacitor-tuned split 
dipoles were used to make up a 5 bit RF barcode representing the code words 
11101 (above) and 11010 (below), where a “1” is represented by a “null”, i.e. 
energy absorption at the corresponding frequency. The maximum permissible 
EIRP of 500mW was used at the transmitter.
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5.9 Summary
Two reader design techniques were introduced based on monostatic and bistatic 
detection using pulsed and swept frequency excitations using a new Reflectance 
method for measuring backscattering and fonA/ardscattering from the RF barcodes.
The advantages and disadvantages of using pulsed excitation were discussed and 
techniques were presented for generating the excitation signals. Swept or stepped 
frequency excitation was also discussed as an alternative technique.
A number of different antennas for monostatic and bistatic detection were presented 
such as helical antennas, Dielectric Resonator Antennas (DRAs), and microstrip 
patch arrays.
Finally, bistatic measurement results were presented using swept excitation for non­
split solid dipoles with different length and width as well as capacitor-tuned identical 
split dipoles.
References
[1] B. A. Munk, “Frequency Selective Surfaces Theory and Design”, John Wiley &
Sons, Inc., 2000.
[2] B. A. Munk, “Finite Antenna Arrays and FSS”, IEEE Press, Wiley Interscience,
John Wiley & Sons, Inc., 2003.
[3] C. A. Balanis, “Antenna Theory Analysis and Design”, Second Edition, John Wiley
& Sons, Inc., 1997.
181
Chapter 5. RF barcode Reader Design and Measurement Results.
[4] W. L. Stutzman, G. A. Thiele, “Antenna Theory and Design”, Second Edition, John
Wiley & Sons, Inc., 1998.
[5] R. N. Clarke, “Swept and Stepped Frequency Measurements”, I EE 9*^  Vacation
School on Microwave measurements”, 12-22 May 1998.
[6] R. D. Pollard, “Microwave Network Analysers”, I EE 9^*^ Vacation School on 
Microwave measurements”, 12-22 May 1998.
[7] K. Siwiak, D. Mckeowr, “ Ultra-Wideband Radio Technology”, John Wiley & Sons,
Ltd., June 2004.
[8] M. Ghavami, L.B. Michael, R. Kohno, “Ultra Wideband Signals and Systems in
Communication Engineering”, John Wiley & Sons, Ltd., April 2005.
[9] J. D. Taylor, “Ultra-Wideband Radar Technology”, CRC Press, 1995.
[10] J. D. Taylor, “Introduction to Ultra-Wideband Radar Systems”, CRC Press, 2000.
[11] E.O. Bringham, “The Fast Fourier Transform and Its Applications” Prantice-Hall 
International, 1988.
[12] J. D. Kraus, R. J. Marhefka, “Antennas For All Applications”, Third Edition, 
McGraw, 2002.
[13] Hai Fong Lee, Wei Chen, “Advances in Microstrip and Printed Antennas”, Wiley- 
Interscience, 1997.
[14] Kwai-Man Luk, Kwak-Wa Leung, “Dielectric Resonator Antennas”, Research 
Studies Press Ltd., 2003.
[15] C. Bowick, “RF Circuit Design”, Howard W. Sams & Company. 1982.
[16] E. A. C Marcatili, “Dielectric Rectangular Waveguide and Directional Coupler for 
Integrated Optics”, Bell Systems Technical Journal, Mar. 1969, pp. 2071-2103.
182
Chapter 5. RF barcode Reader Design and Measurement Results.
[17] www.european-antennas.co.uk
[18] Jalaly I. and Robertson I.D., “Multiband RF Barcode Detection Using 
Forwardscatter Reflectance Measurement. Pending publication.
[19] Jalaly I. and Robertson I. D., "RF Barcodes Using Multiple Frequency Bands", 
IEEE MTT-S Digest, Long Beach, California, June 12-17, 2005.
[20] Robertson I. D. and Jalaly I., "Microstrip RFID barcodes using multiple bands". 
Invited Seminar, Chinese University of Hong Kong, June 22"  ^2005.
[21] Jalaly I. and Robertson I. D., "Capacitively-Tuned Split Microstrip Resonators for 
RFID Barcodes", Proceedings of The European Microwave Conference 2005 
(EuMc2005), Paris, 3-7 October 2005.
183
Chapter 6: Conclusion
Chapter 6
6 Conclusion and Future Work
6.1 Conclusion
A new and low cost RF version of the ubiquitous optical barcode was introduced for 
medium to long-range (1-10m) Radio Frequency Identification (RFID) and tagging. 
RF barcodes consists of an array of narrow-bandwidth microstrip dipole-shapes 
resonant at the unlicensed bands 2.4-2.4835 GHz and 5-6 GHz. When irradiated at 
its resonant frequency by the interrogator, each dipole’s re-radiation can be detected. 
With n microstrip dipoles, potentially 2"-1 different items can be tagged and identified.
Radio frequency transponders have been used in the past as means of identification 
in radar systems. The development of miniature integrated circuit transponders has 
opened new possibilities for automation in manufacturing, retailing, transport and 
security, with profound effect on everyday life where RFID tags come in different 
shapes and sizes, and use different technical principles.
An RFID system consists of two units: the reader interrogator, which reads and 
sometimes writes to the tag in the field and the tag, which may also be known as the 
transponder or the transceiver. The tag in the field is a data carrier, i.e. a piece of 
remote memory, which holds bits of information about the item it is attached to or 
associated with, such as manufacturer’s ID, product ID, country of origin, expiry 
date... etc.
RFID tags are classified depending on whether they do or don’t require DC power 
supply for operation. Tags that don’t require DC power are called passive tags, such
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as the optical barcode, anti-theft devices in shops and libraries and SAW reflector 
transponders. Active tags on the other hand require DC power from batteries or the 
reader through inductive or capacitive coupling. DC power consumption is a major 
factor determining the size of data storage, speed of information transfer, Tx/Rx 
range, cost and size of the tag.
A reader interrogating the RF barcodes in the field determines, from the scattered 
return energy, which resonant RF barcode are on the tagged item hence the item 
identity. Two modes of detection are feasible, monostatic and bistatic. Monostatic 
scattering, also known as backscattering, is when the transmitter and receiver are 
very near or coincident. In bistatic radar however, the target is irradiated from one 
direction, and the reflected energy is monitored at another. In each case continuous 
or pulsed excitation can be used. The factor, which determines the amount of 
reflection detected at the receiver is related to the Scatter Cross Section (SOS) or the 
Radar Cross Section (RCS), which indicates the degree of scatter or re-radiation of 
electromagnetic energy by an object, and measured in units of area (m )^.
Microstrip RF barcodes as planar low profile radiating structures, are mechanically 
robust and electrically designed for a given centre frequency, bandwidth, Q and 
polarization. Due to spectrum limitations, tight control of the centre frequency and 
bandwidth is necessary to maximise the number of RF barcodes in a given band of 
operation.
Simple closed form equations for rectangular patch dipoles were used to yield 
acceptable accuracy in predicting the resonance frequency. Higher accuracy 
methods were also used. The length of the rectangular patch antenna determines the 
resonant frequency, whereas the width of the rectangular patch largely defines the 
bandwidth, radiation efficiency, the input resistance and the resistance at resonance. 
However, by varying the width of fixed-length barcodes, the resonance frequency for 
each barcode was also finely controlled. Equations were developed to calculate the
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reader-tag-reader link budget as a function of the effective aperture and the Radar 
Cross Section for each RF barcode. The validity of the link budget equation was 
investigated using a Matlab simulation based on the Method of Moments. Matlab was 
found to be a convenient tool since, as well as being a standard general simulation 
package; it has the necessary tools to develop modules for analysing and calculating 
radiation and scattering for a variety of antennas using the full-wave electromagnetic 
solution given by the Method of Moment based simulation.
In rectangular microstrip patch antennas radiation takes place due to standing waves 
unlike travelling wave antennas that have comparatively wider impedance bandwidth 
due to their non-resonant nature. At opposite ends of the resonant length, fringing 
fields are established in the “dielectric-filled slots” between the top and bottom 
metallic layers of the laminated substrate. For wider bandwidth operation thicker 
substrates are necessary, this increases the width of the slots at the opposite ends of 
the radiating length or width. Thicker substrates can result in surface waves being set 
up in the space between the two metallic layers of the patch antenna, which cause a 
reduction in the radiation efficiency and distorting in the radiation pattern due to 
reflections at the substrate discontinuities at the edges. The effect of surface waves 
is quantified by calculating the quality factor due to surface wave losses. The lower 
radiation efficiency of RF barcodes is a disadvantage as it makes tag detection 
harder and the reader design more challenging. On the other hand, narrower dipole 
bandwidth is regarded as being necessary as it allows more barcodes to be 
implemented in a given band of operation increasing the number of information bits. 
The total quality factor for the RF barcodes are calculated from quality factors due to 
conduction, radiation, surface wave and dielectric losses.
For each RF barcode, the total quality factor and the 3dB bandwidth were measured 
using near field probes, which is different than measuring input impedance bandwidth 
in terms of input VSWR since an RF barcode has no input. The RF barcode
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bandwidth determines the number of barcodes in a given frequency band of 
operation, i.e. the number of bits in the code. Since the presence or the absence of 
each frequency represents a “1” or a “0” respectively. The frequency spacing of the 
RF barcodes influences the receiver selectivity of the barcode reader. With closely 
spaced barcodes, the reader frequency resolution must be adequate to capture all 
the resonance energy in the barcode.
Measured bandwidths were found to be wider than calculated values since the 
measured quality factors were smaller than the calculated total quality factor. Further, 
calculated quality factors were largely determined by the quality factors due to 
conduction and radiated losses, while the contribution of the dielectric and surface 
wave losses were negligible. Whilst larger radiation losses results in better radiation 
efficiency, conduction losses results in wider bandwidth and cause reduction in 
radiation efficiency.
An RFID reader determines tag identity from the frequency content in the energy 
scattered back towards the receive antenna. The combination of the null frequencies 
in the re-radiated pattern determines the tag identity. RF barcode detection is based 
on “Reflectance” measurement from backscattering or forwardscattering from the RF 
barcodes illuminated by the reader transmitter. Reflectance measurement is the 
opposite of Transmittance measurement used for frequency selective surfaces 
(FSS). In monostatic detection the echo from the target is backscattered from the 
target in the direction of the transmitter-receiver antenna. In the bistatic detection, 
where the transmitter and receiver are located in two different locations, the echo is 
forwardscattered away from the transmitter towards the direction of the receiver.
Excitation signals are emitted by the reader transmit antenna towards the RF 
barcodes. Pulsed excitation consists of repetitive pulses emitted towards the RF 
barcodes. With wideband pulses the RF barcodes are resonated simultaneously, 
while narrowband pulses are used to sequentially resonate the barcodes. Different
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methods were shown for generating pulsed excitation. A number of different antenna 
designs were presented for antennas in the 2.4-2.5 GHz and 5-6 GHz bands 
exhibiting narrow beamwidth and high gain, for use as barcode reader transmit and 
receive antennas. These included helical antennas. Dielectric Resonator Antennas 
(DRAs), and microstrip patch arrays. In order to enhance particular parameters of 
single element DRAs and patch antennas, they are incorporated into arrays. The 
design of linear and two-dimensional arrays was discussed and some of the relevant 
array design parameters such as the Array Factor (AF) and array directivity were 
presented.
Finally, bistatic swept frequency RF barcode detection results were shown for RF 
barcodes in the 2.4-2.4835 GHz and 5-6 GHz bands using solid (non-split) dipoles. In 
addition, detection results were shown for capacitor tuned split dipoles where each 
split dipoles is resonated with a centre capacitor.
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6.2 Future work
A number of lessons were learnt from the proceeding investigation into RF barcode 
design and reader design. These are summarised here as a guide for future 
investigation.
6.2.1 Frequency of operation
When the original work started, a choice had to be made regarding the frequency 
band in which to implement the RF barcode and reader design. The initial choice was 
on unlicensed RFID bands at 900 MHz and 24 GHz. However, the 900 MHz band is 
only unlicensed in the US and used as the GSM cellular band in the rest of the world. 
The worldwide RFID unlicensed band at 24-24.150 GHz remained attractive until the 
design equations in Chapter 2 were developed for calculating the effective dielectric 
constant, resonance centre frequency, the quality factor and resonance bandwidth. 
These equations showed that only a single RF barcode could be implemented in the 
24GHz range of frequencies. The frequency bands at the worldwide-unlicensed 
bands 2.4 GHz and 5-6 GHz were subsequently identified, where multiple RF 
barcodes were implementable. The situation is now better, since a new contiguous 
band of frequencies has been made available in the 3.1-10.6 GHz range dedicated 
for ultra-wide band applications such as wireless USB and wireless multimedia. This 
was first licensed in the US in 2002 and is expected to become available in Europe 
and the rest of the world in the near future. There are two versions of ultra-wide band 
implementation intended for the 3.1-10.6 GHz. Originally; pulsed RF was introduced, 
similar to the techniques, which were discussed in Chapter 5. Later Orthogonal 
Frequency Division Multiple Access (OFDM) channels were introduced, each 
occupying 500 MHz sub-channels. For both technologies, the Power Spectral
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Density (PSD) is specified as about 41 dBm/1 MHz maximum. However, there are 
indications in the UK and Europe that this PSD limit will only be allowed in the 5-10.1 
GHz frequency range, while Ultra-wide band operation in the 4-5GHz frequency band 
will be disallowed and the PSD limit at 3.1-4GHz is reduced by about 30 dB. 
Therefore, the 5-10 GHz frequency range would offer a new and much improved 
situation for implementing between 30-40 RF barcodes in a single contiguous band 
of frequencies. Such a relatively large number of RF barcodes would dramatically 
increase the number of bits in the tag. Furthermore, as the ultra-wide band range of 
frequencies becomes used for different applications, components and test 
equipments will become available and lower in cost. Finally, since ultra-wide band 
detection would require wide band antennas, RF barcode reader antennas, with the 
particular requirements in Chapter 5, are expected to be more available and price 
competitive.
6.2.2 Simulation tools
One of the difficulties encountered was access to readily available electromagnetic 
simulation tools. Older versions of some tools like Ansoft HFSS were available but 
the cost of newer versions as well as other EM packages proved to be prohibitive. 
Using suitable tools would allow more simulation work to be carried out prior to trying 
the hardware; hence the development effort would become more cost effective and 
less time consuming. The use of powerful general-purpose simulation tools like 
Matlab was demonstrated in Chapter 3. The use of such widely available general- 
purpose engineering tools including the graphical interface SIMULINK would provide 
insight to the operation of the simulated RF barcode and reader design. In addition it 
would provide a substantially low cost yet considerably powerful simulation and 
graphical alternative. The use of MATLAB and SIMULINK would allow simulations, 
which are not available with existing EM solvers. In particular, simulation of RF
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barcodes and reflectors, absorbers, resonant structure and radar targets which don’t 
have the input ports.
6.2.3 Smaller RF barcode tags
With proper simulation of RF barcodes as resonant structures in air or remote 
antennas with no input, more information becomes available about the radiation 
pattern for the individual RF barcodes. With readily-available tools for simulating and 
measuring the radiation pattern, the radiation pattern of the RF barcodes become 
known and potentially tailored so that the RF barcodes are situated in one anther 
nulls in order to achieve higher barcode packing density and small tags.
6.2.4 FM radar techniques
The standard well-known FM radar techniques can be implemented in the future 
reader designs for detecting RF barcode at fixed distance from the reader antenna. 
The excitation signal IF frequency can be swept at a given rate, the return signal from 
barcodes at known distance from the reader antenna is heterodyned with the 
generated signal to give a predetermined IF frequency which is bandpass filtered and 
further processed. Hence, the barcode distance from the reader antenna determines 
the IF frequency, and reflections from scattering objects closer than or further away 
than the RF barcodes are discarded, potentially resulting in improved signal-noise- 
radio and better detection confidence.
6.2.5 Pulse monostatic and bistatic MTA readers
The HP71500A Agilent Microwave Transition Analyser (MTA), which was discussed 
in Chapter 5, was only available for a short period. In future, the MTA should be used 
to implement pulsed monostatic and bistatic RF barcode readers because of its real­
time capabilities and the various signal processing tool which come with the device 
and others DSP capabilities, which can be used when the MTA is externally
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controlled via programmes like LABVIEW or HP VEE and even direct HP Basic 
programming.
6.2.6 Generation of bandpass excitation signals
It would also be useful to investigate some simple and low cost techniques for 
generating bandpass excitation signals by triggering present day modern RF and 
microwave transistors using fast logic signals as well as techniques like using 
transmission lines with stubs for generating pulses.
6.2.7 Increased number of bits and error correction coding
In order to increase the number of bits in the tag, new signalling states should be 
investigated. The existing method results in a tag with 2"-1 bits for a tag with n RF 
barcodes. In other words, 10 barcodes result in 1023-bit tag; also with 30 or 40 RF 
barcodes in the newly suggested ultra-wideband frequencies would result in > 1 
million and > 10 million bits tag respectively. This is based on each RF barcode 
frequency representing two states; barcode frequency is present or not present, i.e. a 
binary state. Alternatively, each RF barcode frequency can be coded in having four 
states; RF barcode present, not present, barcode horizontally polarised or vertically 
polarised. In other words, each RF barcode has four states resulting in a 4"-1 bit tags 
with n different RF barcode frequency. This dramatically increases the number of 
different items that can be tagged and identified. For example for 10 barcode in the 
tag the number of bits in the tag becomes > 1 million, for 30 barcodes in the tag the 
number of bits in the tag becomes 1.150x10^® bits and for 40 barcodes in the tag the 
number of bits become 1.210x10 "^  ^ bits. Finally, in order to enhance the reliability of 
RF barcode detection some form of error correction coding such simple parity check 
can be introduced. This will however introduce redundancy into the system and halve 
the number of bits in the tag.
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Appendix A
%RWG1 Geometry calculations
% Uses the structure mesh file, e.g. dipole245.mat, dipoleSS as an input.
%
% Creates the RWG edge element for every inner edge of 
% the structure. The total number of elements is EdgesTotal.
% Outputs the following arrays;
%
% Edge first node number Edge_(1,1 :EdgesTotal)
% Edge second node number Edge_(2,1:EdgesTotal)
% Plus triangle number TrianglePlus(1:EdgesTotal)
% Minus triangle number TriangleMinus(1:EdgesTotal)
% Edge length EdgeLength(1:EdgesTotal)
% Edge element indicator Edgelndicator(1:EdgesTotal)
%
% Also outputs areas and midpoints of separate triangles:
% Triangle area Area(1 :TrianglesTotal)
% Triangle center Center(1 :TrianglesTotal)
%
% This script may handle surfaces with T-junctions
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% including monopoles over various metal surfaces and 
% certain metal meshes
% Copyright 2002 AEMM. Revision 2002/03/09 Chapter 2
clear all
tic;
load('mesh/dipole245');
[s1 s2]=size(p); 
if(s1==2) 
p(3,:)=0; %to convert 2D to 3D 
end
%Eliminate unnecessary triangles
Remove=find(t(4,:)>1);
t(:,Remove)=[];
TrianglesTotal=length(t);
%Find areas of separate triangles 
for m=1:TrianglesTotal 
N=t(1:3,m);
Vec1=p(:,N(1))-p(:,N(2));
Vec2=p(:,N(3))-p(:,N(2));
Area(m) =norm(cross(Vec1,Vec2))/2; 
Center(:,m)=1/3*sum(p(:,N),2); 
end
%Find all edge elements "Edge_" with at least two
%adjacent triangles
Edge_=[];
n=0;
for m=1 :TrianglesTotal 
N=t(1:3,m);
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for k=m+1:TrianglesTotal 
M=t(1:3,k);
a=1-all([N-M(1) N-M(2) N-M(3)]); 
if(sum(a)==2) %triangles m and k have common edge 
n=n+1;
Edge_=[Edge_ M(find(a))];
TrianglePlus(n)=m;
TriangleMinus(n)=k;
end;
end
end
EdgesTotal=length(Edge_);
%This block is only meaningful for T junctions 
%lt leaves only two edge elements at a junction 
Edge_=[Edge_(2,;); Edge_(1,:)];
Remove=[]; 
for m=1: EdgesTotal 
Edge_m=repmat(Edge_(:,m),[1 EdgesTotal]); 
lnd1=any(Edge_ -Edge_m);
lnd2=any(Edge -Edge_m);
A=find(lnd1 .*lnd2==0);
if(length(A)==3) %three elements formally exist at a junction 
Out=find(t(4,T rianglePlus(A))==t(4,T riangleMinus(A))); 
Remove=[Remove A(Out)]; 
end 
end
Edge_(:, Remove) =[];
TrianglePlus(Remove) =[];
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TriangleMinus(Remove) =[];
EdgesT otal=length(Edge_)
%AII structures of this chapter have Edgelndicator=2 
Edgelndicator=t(4,T rianglePlus)+t(4,T riangleMinus);
%Find edge length 
for m=1; EdgesTotal 
EdgeLength(m)=norm(p(;,Edge_(1,m))-p(:,Edge_(2,m))); 
end 
toe
%Save result 
save mesh1 p ... 
t...
Edge_...
TrianglesTotal...
EdgesTotal...
TrianglePlus...
TriangleMinus...
EdgeLength...
Edgelndicator...
Area...
Center
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Appendix B
O.
%RWG2 Geometry calculations 
% Uses the mesh file from RWG1, mesh1 .mat,
% as an input.
% Creates the following parameters of the RWG edge elements:
% Position vector rho_c_plus from the free vertex of 
% the "plus" triangle to its center 
% RHO_Plus(1:3,1:EdgesTotal)
% Position vector rho_c_minus from the center of the "minus"
% triangle to its free vertex
Vo RHO_Minus(1:3,1:EdgesTotal)
% In addition to these parameters creates the following 
% arrays for nine subtriangles (barycentric subdivision):
% Midpoints of nine subtriangles 
Vo Center_(1:3,1:9,1 :T rianglesT otal)
% Position vectors rho_c_plus from the free vertex of 
% the "plus" triangle to nine subtriangle midpoints
% RHO Plus(1:3,1:9,1 : EdgesT otal)
% Position vectors rho_c_minus from nine subtriangle midpoints 
% to the free vertex of the "minus" triangle
% RHO Minus(1:3,1:9,1 : EdgesTotal)
% See Rao, Wilton, Glisson, IEEE Trans. Antennas and Propagation, 
% vol. AP-30, No 3, pp. 409-418, 1982.
% Copyright 2002 AEMM. Revision 2002/03/05 
% Chapter 2
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clear all 
%load the data 
load('meshl')
%Find nine sub-triangle midpoints 
IMT=[];
for m=1 iTrianglesTotal 
n1=t(1,m); 
n2=t(2,m); 
n3=t(3,m);
M=Center(:,m); 
r1= p(:,n1); 
r2= p(:,n2); 
r3= p(:,n3); 
r12=r2-r1 ; 
r23=r3-r2 
r13=r3-r1 
C1=r1+(1/3)*r12; 
C2=r1+(2/3)*r12; 
C3=r2+(1/3)*r23; 
C4=r2+(2/3)*r23; 
C5=r1+(1/3)*r13; 
C6=r1+(2/3)*r13; 
a1=1/3*(C1+C5+r1); 
a2=1/3*(C1+C2+M); 
a3=1/3*(C2+C3+r2); 
a4=1/3*(C2+C3+M); 
a5=1/3*(C3+C4+M); 
a6=1/3*(C1+C5+M);
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a7=1/3*(C5+C6+M);
a8=1/3*(C4+C6+M);
a9=1/3*(C4+C6+r3);
Center_(:,:,m)=...
[a1 a2 a3 a4 a5 a6 a7 a8 a9];
end
%PLUS
for m=1: EdgesTotal
NoPlus=T rianglePlus(m); 
n1=t(1,NoPlus); 
n2=t(2,NoPlus); 
n3=t(3,NoPlus);
if((n1~=Edge_(1,m))&(n1~=Edge_(2,m))) N0DE=n1; end; 
if((n2~=Edge_(1,m))&(n2~=Edge_(2,nn))) N0DE=n2; end; 
if((n3~=Edge_(1,m))&(n3~=Edge_(2,m))) N0DE=n3; end; 
FreeVertex=p(:,NODE);
RHO_Plus(;,m) =+Center(:,NoPlus)-FreeVertex;
%Nlne rho's of the "plus" triangle
RHO Plus(:,:,m) =...
+Center_(:,:,NoPlus)-repmat(FreeVertex,[1 9]);
end
%MINUS
for m=1: EdgesTotal
NoMinus=T riangleMinus(m); 
n1=t(1,NoMinus); 
n2=t(2,NoMinus); 
n3=t(3,NoMinus);
if((n1~=Edge_(1,m))&(n1~=Edge_(2,nn))) N0DE=n1; end;
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if((n2~=Edge_(1,m))&(n2~=Edge_(2,m))) N0DE=n2; end; 
if((n3~=Edge_(1,m))&(n3~=Edge_(2,m))) N0DE=n3; end; 
FreeVertex=p(:,NODE);
RHO_Minus(:,m) =-Center(:,NoMinus) +FreeVertex; 
%Nine rho's of the "minus" triangle
RHO Minus(:,:,m)=...
-Center_(;,;,NoMinus)+repmat(FreeVertex,[1 9]);
end
%Save result 
save mesh2 p ... 
t...
TrianglesTotal...
EdgesTotal...
Edge_...
TrianglePlus...
TriangleMinus...
EdgeLength...
Edgelndicator...
Area...
RHO_Plus...
RHO_Minus...
RHO Plus...
RHO Minus...
Center...
Center
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%RWG3 Calculates the impedance matrix using function IMPMET 
% Uses the mesh file from RWG2, mesh2.mat, as an input.
% The following parameters need to be specified prior to 
% calculations:
% Frequency (Hz) f
% Dielectric constant (SI) epsilon_
% Magnetic permeability (SI) mu_
% Copyright 2002 AEMM. Revision 2002/03/11 
% Chapter 2 
clear all
%Load the data 
load('mesh2');
%EM parameters (f=3e8 means that f=300 MHz) 
f =75e6; 
epsilon_ =8.854e-012; 
mu_ =1.257e-006;
%Speed of light
c_= 1 /sqrt(epsilon_*mu_) ;
%Free-space impedance 
eta_=sq rt(m u_/epsilon_) ;
%Contemporary variables - introduced to speed up 
%the impedance matrix calculation 
omega =2*pi*f; 
k =omega/c_;
K =j*k;
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Constantl =mu_/(4*pi);
Constants =1/G*4*pi*omega*epsilon_);
Factor =1/9;
FactorA =Factor*(j*omega*EdgeLength/4)*Constant1 ;
FactorFi =Factor*EdgeLength*Constant2; 
for m=1: EdgesTotal
RH0_P(:,:,m)=repmat(RH0_Plus(:,m),[1 9]); %[3 9 EdgesTotal] 
RH0_M(:,:,m)=repmat(RH0_Minus(:,m),[1 9]); %[3 9 EdgesTotal] 
end
FactorA= FactorA.';
FactorFI=FactorFi.';
%lmpedance matrix Z 
tic; %start timer
Z= impmet( EdgesT otal ,T rianglesT otal,...
EdgeLength, K,...
Center,Center_,...
T rianglePlus,T riangleMinus,...
RHO_P,RHO_M,...
RHO Plus,RHO Minus,...
FactorA, FactorFi); 
toc %elapsed time 
%Save result
FileName='impedance.mat';
save(FileName, 'f','omega','mu_','epsilon_','c_', 'eta_','Z');
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%RWG4 Solves MoM equations for the scattering problem 
% Uses the mesh file from RWG2, mesh2.mat, and 
% the impedance file from RWG3, impedance.mat,
% as inputs.
% Also calculates the "voltage" vector V (the right- 
% hand side of moment equations)
% V(1;EdgesTotal)
% The following parameters need to be specified:
% Direction of the incident signal in Cartesian coordinates 
% d(1:3);
% Direction of the E-field in the incident plane wave 
% in Cartesian coordinates Pol(1:3);
% Copyright 2002 AEMM. Revision 2002/03/05
% Chapter 2
clear all
%load the data
load('mesh2');
load('impedance');
%lncident field
%Example: d=[0 0 -1] means that the incident signal 
% is in the -z direction.
%Plate - normal incidence 
d =[0 0-1];
Pol =[0 1 0];
%Dipole - normal incidence
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%d =[0 0-1]; 
%Pol =[0 1 0];
%Custom incidence (example)
%d =[1 0 0]
%Pol =[0 -0.0037-0.0055*] 0]
k=omega/c_;
kv=k*d;
for m=1; EdgesTotal 
ScalarProduct=sum(kv.*Center(:,TrianglePlus(m))');
EmPlus =Pol.'*exp(-j*ScalarProduct);
ScalarProduct=sum(kv.*Center(:,TriangleMinus(m))');
EmMinus=Pol.'*exp(-j*ScalarProduct);
ScalarPlus =sum(EmPlus.* RHO_Plus(:,m)); 
ScalarMinus=sum(EmMinus.*RHO_Minus(:,m)); 
V(m)=EdgeLength(m)*(ScalarPlus/2+ScalarMinus/2); 
end 
tic;
%System solution 
l=Z\V.';
toc %elapsed time 
FileName='current.mat';
save(FileName, 'f,'omega','mu_','epsilon_','c_', 'eta_',T,'V','d','Pol');
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%RWG5 Visualizes the surface current magnitude 
% Uses the mesh file from RWG2, mesh2.mat, and 
% the file containing surface current coefficients,
% current.mat, from RWG4 as inputs.
% Copyright 2002 AEMM. Revision 2002/03/05
% Chapter 2
clear all
%load the data
load('mesh2');
load('current');
lndex=find(t(4,:)<=1);
T riangles=length(lndex);
%Find the current density for every triangle 
for k=1-.Triangles 
i=[0 0 0]';
for m=1: EdgesTotal 
IE=l(m)*EdgeLength(m); 
if (T rianglePlus(m)==k) 
i=i+IE*RH0_Plus(:,m)/(2*Area(TrianglePlus(m))); 
end
if(T riangleMinus(m)==k) 
i=i+IE*RH0_Minus(:,m)/(2*Area(TriangleMinus(m))); 
end 
end
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CurrentNorm(k)=abs(norm(i));
end
Jmax=max(CurrentNorm); 
MaxCurrent=strcat(num2str(Jmax),'[A/m]') 
CurrentNorm1=CurrentNorm/max(CurrentNorm); 
for m=1 [Triangles 
N=t(1;3,m);
X(1:3,m)=[p(1,N)]';
Y(1:3,m)=[p(2,N)]';
Z(1:3,m)=[p(3,N)]';
end
C=repmat(CurrentNorm1,3,1); 
h=fill3(X, Y, Z, C); %linear scale 
colormap gray; 
axis('equar); 
rotate3d
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%RWG5 Visualizes the surface current magnitude 
% Uses the mesh file from RWG2, mesh2.mat, and 
% the file containing surface current coefficients,
% current.mat, from RWG4 as inputs.
%
% Copyright 2002 AEMM. Revision 2002/03/05
% Chapter 2
clear all
%load the data
load('mesh2');
load('current');
lndex=find(t(4,:)<=1);
T riangles=length(lndex);
%Find the current density for every triangle 
for k=1 [Triangles 
i=[0 0 0]';
for m=1: EdgesTotal 
IE=l(m)*EdgeLength(m); 
if (T rianglePlus(m)==k) 
i=i+IE*RH0_Plus(:,m)/(2*Area(TrianglePlus(m))); 
end
if (T riangleMinus(m)==k) 
i=i+IE*RH0_Minus(:,m)/(2*Area(TriangleMinus(m))); 
end
207
Appendices
end
CurrentNorm(k)=abs(norm(i));
end
Jnriax=max(CurrentNorm); 
MaxCurrent=strcat(num2str(Jmax),'[A/m]') 
CurrentNorm1=CurrentNorm/max(CurrentNorm); 
for m=1 Triangles 
N=t(1:3,m);
X(1:3,m)=[p(1,N)]';
Y(1:3.m)=[p(2,N)]‘;
Z(1:3,m)=[p(3,N)]-;
end
C=repnnat(CurrentNorm1,3,1); 
h=fill3(X, Y, Z, C); %linear scale 
colormap gray; 
axis('equar); 
rotate3d
%EFIELD1 Radiated/scattered field at a point 
% The point is outside the metal surface 
% Uses the mesh file from RWG2, mesh2.mat, and 
% the file containing surface current coefficients,
% current.mat, from RWG4 as inputs.
% The following parameters need to be specified;
%
% Observation point ObservationPoint[X; Y; Z] (m) 
% Copyright 2002 AEMM. Revision 2002/03/11 
% Chapter 3 
clear all
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%Load the data 
load('mesh2'); 
load('current'); 
k=omega/c_;
K=j*k;
for m=1;EdgesTotal
Pointl =Center(:,T rianglePlus(m));
Point2=Center(:,TriangleMinus(m));
DipoleCenter(:,m)=0.5*(Point1+Point2);
DipoleMoment(:,m)=EdgeLength(m)*l(m)*(-Point1+Point2);
end
ObservationPoint=[5;0;0];
[E,H]=point(ObservationPoint,eta_,K,DipoleMoment,DipoIeCenter);
%find the sum of all dipole contributions 
EField=sum(E,2); HField=sum(H,2);
%Common
EField %Radiated/scattered electric field
%(complex vector at a point, V/m)
HField %Radiated/scattered magnetic field
%(complex vector at a point. A/m) 
Poynting=0.5*real(cross(EField,conj(HField)))
%Poynting vector (W/m^2) for radiated/scattered field 
W=norm(Poynting) %Radiation density (W/m^2) for radiated/scattered field 
U=norm(ObservationPoint)^2*W
%Radiation intensity (W/unit solid angle)
%Only scattering
RCS=4*pi*(norm(ObservationPoint))^2*sum(EField.*conj(EField));
%Backscattering radar cross-section (scattering)
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%EFIELD2 Radiated/scattered field over a large sphere 
% Uses the mesh file from RWG2, mesh2.mat, and 
% the file containing surface current coefficients,
% current.mat, from RWG4 as inputs.
% Uses the structure sphere.mat/spherel .mat to display 
% radiation intensity distribution over the sphere surface.
% The sphere doesn't intersect the radiating object.
% The following parameters need to be specified:
% Sphere radius (m)
% Copyright 2002 AEMM. Revision 2002/03/11 
% Chapter 3 
clear all
%Load the data 
load('mesh2'); 
load('current'); 
load('sphere');
p=100*p; %sphere radius is 100 m 
k=omega/c_;
K=j*k;
for m=1:EdgesTotal
Pointl =Center(:,T rianglePlus(m)); 
Point2=Center(:,TriangleMinus(m)); 
DipoleCenter(:,m)=0.5*(Point1+Point2); 
DipoleMoment(:,m)=EdgeLength(m)*l(m)*(-Point1+Point2); 
end
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TotalPower=0;
%Sphere series 
M=length(t); 
for m=1:M 
N=t(1:3,m);
ObservationPoint=1/3*sum(p(:,N),2);
[E,H]=point(ObservationPoint,eta_,K,DipoieMoment,DipoleCenter); 
ET=sum(E,2); HT=sum(H,2); 
Poynting(:,m)=0.5*reai(cross(ET,oonj(HT))); 
U(m)=(norm(ObservationPoint))^2*norm(Poynting(:,m));
Vectori =p(:,N(1 ))-p(:,N(2));
Vector2=p(:,N(3))-p(:,N(2));
Area =0.5*norm(cross(Vector1 ,Vector2)); 
TotalPower=TotaiPower+norm(Poynting(:,m))*Area;
X(1:3,m)=[p(1,N)]-;
Y(1:3,m)=[p(2,N)]';
Z(1:3,m)=[p(3,N)]';
end
Total Power
GainLogarithmic =10*log10(4*pi*max(U)/TotalPower)
GainLinear =4*pi*max(U)/TotalPower 
FileName='gainpower.mat';
save(FileName, TotalPower','GainLogarithmic','GainLinear'); 
U=U/norm(U);
C=repmat(U,3,1); 
h=fill3(X,Y,Z,C); 
colormap gray;
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axis('equal') 
rotateSd on
Appendix H
%EFIELD3 2D Radiation patterns 
% Uses the mesh file from RWG2, mesh2.mat, and 
% the file containing surface current coefficients,
% current.mat, from RWG4 as inputs.
%
% Additionally uses the value of TotalPower saved 
% in file gainpower.mat (script efield2.m)
%
% The following parameters need to be specified:
%
% Radius of the circle (m) R 
% Plane of the circle: [x y 0] or
% [x 0 z] or
% [0 y z]
% Number of discretization points per
% pattern Num Points
%
% Copyright 2002 AEMM. Revision 2002/03/11 
% Chapter 3 
clear all
%Load the data
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load('mesh2');
load('current');
load('gainpower');
k=omega/c_;
K=j*k;
for m=1:EdgesTotal
Pointl =Center(:,T rianglePius(m)); 
Point2=Center(:,TriangleMinus(m)); 
DipoleCenter(:,m)=0.5*(Point1+Point2); 
Dipo!eMoment(:,nn)=EdgeLength(m)*i(m)*(-Point1+Point2); 
end
NumPoints=100;
R=100; %pattern in m 
for ii=1:NumPoints+1 
phi(ii)=(ii-1)*pi/(NumPoints/2); 
y=R*cos(phi(ii)); 
z=R*sin(phi(ii));
Observation Poi nt=[0 y z]';
[E,H]=point(ObservationPoint,eta_,K,DipoleMoment,DipoleCenter); 
ET=sum(E,2); HT=sum(H,2); 
Poynting=0.5*reai(cross(ET,conj(HT)));
W(ii)=norm(Poynting);
U(ii)=(norm(ObservationPoint))^2*W(ii);
end
Poiar_=10*log10(4*pi*U/T otai Power);
GainLogarithmio=max(Polar_) %gain for the particular pattern!
%This is the standard Matlab polar plot 
OFFSET=40; polar(phi,max(Polar_+OFFSET,0)); grid on;
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Title=strcat('Offset= num2str(0FFSET), ' dB'); 
title(Title);
%This is Balanis' relative power:
%Polar=10*log10(U/max(U)); OFFSET=40; polar(phi,Polar+OFFSET); grid on; 
%This is Galenski's polar plot:
%Use with care: outputs an error if Polar is a constant function
%polarhg(phi',Polar','rlim',[min(Polar) 10],'rtick',[-30 -20 -10 0 10],'tstep',90,'color','b');
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FPA19-55V-448-AZ, 5.5 GHz, AZIMUTH, GO-POLAR, Gain In dBI
Angle
(deg)
Gain
(dBI)
Angle
(deg)
Gain
(dBI)
Angle
(deg)
Gain
(dBi)
Angle
(deg)
Gain
(dBi)
0 18.3 -15 -15 -15
18 -15 -15 -15
17.7 -15 -15 -15
16.9 -15 -15 -15
10 15.8 100 -15 190 -15 280 -15
14.4 -15 -15 -15
12.8 -15 -15 -13.7
10.3 -15 -15 -12.2
7.3 -15 -15 -9.7
20 2.3 110 -15 200 -15 290 -9.2
-3.7 -15 -15 -7.7
-12.2 -15 -15 -6.7
-5.7 -15 -15 -5.9
-1.7 -15 -15 -5.2
30 0.3 120 -15 210 -15 300 -4.9
0.8 -15 -15 -4.9
0.5 -15 -15 -5.1
-0.4 -15 -15 -5.7
-1.7 -15 -15 -6.7
40 -4.2 130 -15 220 -15 310 -8.7
-7.7 -15 -15 -11.2
-15 -15 -15 -15
-15 -15 -15 -15
-15 -15 -15 -11.2
50 -10.7 140 -15 230 -15 320 -7.2
-8.2 -15 -15 -4.7
-6.2 -15 -15 -2.7
-5.5 -15 -15 -1.5
-5.1 -15 -15 -1.2
60 -5.1 150 -15 240 -15 330 -1.7
-5.3 -15 -15 -3.2
-5.7 -15 -15 -15
-6.4 -15 -15 -15
-7.1 -15 -15 -3.7
70 -8.2 160 -15 250 -15 340 2.3
-9.2 -15 -15 6.3
-10.7 -15 -15 9.3
-12.2 -15 -15 11.9
-13.2 -15 -15 13.8
80 -14.5 170 -15 260 -15 350 15.3
-15 -15 -15 16.7
-15 -15 -15 17.5
-15 -15 -15 18
-15 -15 -15 18.3
90 -15 180 -15 270 -15 360 18.3
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FPA19-55V-448-EL, 5.5 GHz, ELEVATION, CO-POLAR, Gain in dBi
Angle Gain, Angle Gain Angle Gain Angle Gain
(deg) (dBi) (deg) (dBi) (deg) (dBi) (deg) (dBi)
0 18.3 -15 -15 -14.2
18 -15 -15 -14
17.5 -15 -15 -13.7
16.7 -15 -15 -13.3
10 15.7 100 -15 190 -15 280 -13
14.3 -15 -15 -12.7
12.8 -15 -15 -12.5
10.8 -15 -15 -12
8.3 -15 -15 -11.5
20 5.3 110 -15 200 -15 290 -11
2.3 -15 -15 -10.4
-0.7 -15 -15 -9.7
-3.2 -15 -15 -9.1
-3.4 -15 -15 -8.2
30 -2.7 120 -15 210 -15 300 -7.4
-2.2 -15 -15 -6.7
-1.6 -15 -15 -6.2
-1.4 -15 -15 -5.8
-1.5 -15 -15 -5.5
40 -1.7 130 -15 220 -15 310 -5.5
-2 -15 -15 -5.7
-2.2 -15 -15 -6.3
-2.5 -15 -15 -7.2
-2.9 -15 -15 -8.3
50 -3.3 140 -15 230 -15 320 -9.7
-3.7 -15 -15 -10.5
-4.3 -15 -15 -9.2
-4.9 -15 -15 -7.2
-5.7 -15 -15 -5.7
60 -6.4 150 -15 240 -15 330 -4.5
-7.2 -15 -15 -4.5
-8.1 -15 -15 -5.7
-8.7 -15 -14.5 -7.7
-9.7 -15 -14.2 -7.5
70 -10.5 160 -15 250 -14.1 340 -2.2
-11.2 -15 -14.3 2.3
-11.9 -15 -14.6 6.3
-12.7 -15 -14.7 9.3
-13.7 -15 -14.9 11.8
80 -14.7 170 -15 260 -15 350 13.8
-15 -15 -15 15.2
-15 -15 -15 16.3
-15 -15 -15 17.3
-15 -15 -14.7 18
90 -15 180 -15 270 -14.4 360 18.3
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